ABSTRACT

WILLIAMS, JOHN ROBERT, JR. A Study of the Electromagnetic Decay of
the Low=Lying Excited States in ngl and 61Ni. Under the directionr
of DAVID R. TILLEY and CHRISTOPHER R. GOULD.)

This dissertation is the result of a continuing research program
in low energy gamma ray spectroscopy for light and medium mass nuclei
using the charged particle acceleration facilities at Triangle
Universities Nuclear lLaboratory, Durham, N. C.

A Compton linear polarimeter has been designed and constructed
with five identical, 1.5 by 2.0 inch sodium iodide (Nal) crystals.
This instrument and the experimental tecciiniques developed for its
application have been incorporated with the already well established
procedures for nuclear lifetime and gamma ray angular correlation
measurements, the result being an expanded research capability.

The Nal polarimeter has been used in a study of the low-lying
excited states in 22A1 using the 26Mg(a,py)29Al reaction with
Ea = 11.26 MeV . When considered together with the results of life-
time and angular correlation studies from other works, these measure-

ments confirm the 3/2+ spin-parity assignment for the level at 2.88

ay

MeV . A definite J" = 3/27 assignment is made for the 2.23 MeV

level, and a 7/2+ assignment is favored for the level at 1.76 MeV .
These resulis, along with the experimental MLE2 transition
strengths, are compared with the theoretical predictions of the shell
model and the Nilsson model.

A second Compton polarimeter, purchased commercially and consisting
of two 30 c.c., germanium (GeLi) crystals  has been employed in a

i 6
comprehensive study of the seventeen levels in 1Ni below 2200 keV



This study has also included lifetime measurements using the Doppler
shift attenuation method and gamma ray angular correlation measure-
ments based on Method II of Litherland and Ferguson. The excited
. Lo . 58.. 61 _, .
states in Ni were populated using the le(g,ny) Ni reaction
with E? = 8.0 MeV . The results of these measurements confirm most
orf the spin-parity assignments made previously from stripping and
+
pickup reaction studies and studies of the B -decay of the ground

state of 6lcu

Additional 3 assignments oi 7/2" s 5/2° , 3/2°
and 7/2° have been made for the levels at 1016, 1611, 1730, and

2020 keV, respectively. The cxperimental results are compared to
recent theoretical calculations made using the shell model and the
core coupling model. The experimental M1E2 transition strengths have

been found to be in agreement with those measured for other 11 7/2

shell nuclei.
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1, INTRODUCYTION

1.1 General Discussion of Gamma Ray Spectroscopy

With the development of the chargcd particle accelerator and the
computer, experimental nuclear physics has become a sophisticated
science which encompasses the entire periodic table. At the present
time, and in addition to the higher incident beam energies which are
always sought, the introduction of polarized beams and heavy ion
acceleration facilities promises to add to the power of the aliready
established procedures which have been developed over the years in a
continuing effort to understand the nucleus. The study of the gamma
decay of excited nuclear states is but one of many standard approaches,
and it is with this procedure that the present work is concerned.

Gamma ray spectroscopic measurewments are particularly well suited
for testing the validity of the wave functions generated with some
given nuclear model. As a first step, the model should predict the
energies of the excited states in the nucleus to which it is applied.
However, calculation of the excitation energies is rclatively insensitive
to the details of the wave functions so that more stringent tests are
required. Trhese test are provided by comparison with experiment of
the theoretically calculated electromagnetic matrix elements for the
multipole operators which describe the electromagnetic interaction be-
tween excited states in the nucleus. In contrast to other experimental
procedures involving reaction mechanism studies, the form taken by
these multipole operators is well understood from electromagnetic
{ield theory. Therefore, uncertainties in the theoretical calculations
result from discrepancies in the wave functiow..z predicted by the model

(61].



The diagram in Figure 1.1 corresponds to a typical proccdure for
producing a nucleus in an excited state. A target nucleus in its
ground state with ‘spin, A | is bombarded by particles with orbital

angular momentum, El , and spin, s, . A compound nuclear state with

1

spin, B , may or may not then be formed depending on the reaction
mechanism. In general, higher bombarding energies favor direct
reactions while lower bombarding energies favor compound nuclear
reactions. Whichever the case, the combination of the target nucleus
and the incident particle is in an excited state much above the
threshold for decay by particle emission. Therefore, a secondary
particle is emitted with orbital and spin angular momentum, Z2 and
52 , and this process leads to the population of an excited state with

total spin
J=A+g, +s, =14, -5 1.11

in the residual nucleus.

The reactions described above occur symmetrically about a unique
spatial axis whose orientation is described by the direction o1 the
incident beam. The projections of J onto this symmetry axis rangc
in increments of one from -13[ to 13] . Tor anyone of these

magnetic substate quantum numbers
m, =m, + m + m + m + m 1.12

where each component refers to the projection onto the symmetry axis

oi the appropriate angular momentum vector from Equation 1.,11.



Figure 1.1 A diagram which corresponds to a standard method for
populating a state in a residual nucleus
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The state J is characterized by a definite parity, 1 , an
excitation energy, E , and a lifetime, t . The total radiative width

of the level is
FT = lll‘fr 1..13

wnere A is Planck's constant divided by 2m¢ . After the time, 7T ,
the state decays by gamma ray emission to a state of lower excitation
energy. Decay to more than one lower state is possible, and the
fractional decay to each of these states is given by a branching ratio.
For a given branch, the order of the multipoles involved in the decay
can range between ‘J - I1 and J + I1 again in increments of one
and where fl is the spin of the final state. Usually however, onliy
the two multipoles of lowest order are assumed to contribute to the
decay so that, subject to the requirements of parity conservatior given

i Section 2.1,

L=|J-1, L.14

and
L'=L+1. 1.15

The contribution of each multipole is given by the multipole mixing
ratio, § , which is defined as the ratio of the reduced matrix

elemenis for the two multipoles, i.e.,

<JHL‘H11>

§ = 23“1”};;‘ 1.16



where L and L' represent the multipole operators invoived, and
J> and lIl> are wave functions describing the initial and final
states, respectively [51],

As shown by Equation 1.16, the experimental determination of §
provides only the magnitude and relative sign of a ratio of two
matrix elements. However, the magnitudes of the individual matrix
elements are proportiomal to the partial radiative widths for the
decay of an excited state, and these partial widths are determined as
follows [61]. First, the total radiative width from Equation 1.13 is

Separated into contributions from each branch.

' = Fl + FO

rl(l + rolrl)

i

rl(l + BR) 1.17
where BR 1is Lhe appropriate branching ratic. Next, the width, Fl y
is written s a sum of contributions from the two multipoles, L anc

LI

—

]
1
+
—

n

L L' L
rl(l +T) /rl)

L 2
1“1(1 + &) 1.18

where



2 L' L

6 = Fl /Tl . 1.19

Equations 1.13, 1.17, and 1.18 then give

=1
I

{l/'r = 1“11‘(1 + 52)(1 + BR)

or

L b

r, = 5 . 1.20
(1 + 6 )(1 + BR)

Equation 1.20 expresses r% , the partial radiative width for a
multipole of order, L , in terme of three of the quantitdies which
characterize the decay of an excited state: the branching ratio, the
electromagnetic mixing ratio, and the mean lifetime. Once these three

. ) L
quantities are measured experimentally, the value of T is

1
determined and compared to a value calculated using an appropriate
auclear model. This comparison provides the final test for the wave
functions predicted by the model.

The research program from which this work has resulted consists
basically of three different measurements which, when taken together,
determine the quantities on the right side of Equation 1.20. These
three measurements are briefly outlined here; however, they are
discussed with references and in more detail in other parts of this
presentation.

First, the lifetime of an excited state is determnined using one
of several techniques which have been developed over the past years

[ 48 61]. The lifetime measurements made in the present work were

performed using the Doppler shift attenuation method. This procedure



consists of measuring an attenuated Doppler shift in the energy of =
gamma ray produced by the decay of an excited state in a nucleus which
is recoiling with a finite velocity through some backing material.
This energy shift can also be calculated as a function of the lifetime
of the excited state using Stopping power theories which describe the
way 1In which the recoiling nucleus slows down in the backing material.
Then, the measured and calculatecd values of the energy shift arc
compared, and the lifetime is extractod.

The spin of an excited state along with the branching ratios and
multipole mixing ratios for the associated gamma radiation are
determined from angular correlation measurements made when the nuclei
of interest are "oriented". <fwo types of nuclear orientation can be
distinguished, alignment and polarization. In the case of alignment,
an axis of rotational symmetry (normally the beam axis) is established,
but the sense of this axis is not determined. In the case of
polarization, an axis is established which provides a single perferred
direction iun space. If the spin of the nuclear state 1s J and its

corponent along the axis is m. and if the relative population of

J
the substate, my is P(mJ) , then the condition for alignment is
P(mJ) = P(~mJ) and that for polarization is P(mJ) # P(—mJ) . If

che P(mJ) are all cqual, the nuclei are not oriented.

All further ciscussion in this presentation will be concerned
only with alignment orientation which can be insured by standard
experimental techniques. Under these conditions, the variation in the
intensity of the detected gamma radiation can be expresseu as an

expansion in even ordered Legendre polynomials



w(e) =2 AP (cos §) 1.21
K Ak -

where @ 1s measured with respect to the beam gxis and where the
coefficients, A2 s A4 , etc, take or explicit mathematical form and
depend on the spins of the initial and final states, the multipole
mixing ratio of the gamma radiation, and the population parameters
for the magnetic substates of the initial level. Usually, the
population parameters can be restricted to some physically reasonable
set of values, and the sgin of the final state is known. Then, the
spin of the initial state and the wnixing ratio of the gamma radiation
are determined by systematically varying their values until a set of
cxpansion coefficients 1s determined which gives the best fit to the
experimental data. The term, AO , in Equation 1,21 is merely a
normalization constant, and after, the correlations for all branches
of an excited state have been determined, these constants are used to
determine the branching ratios.

Gamma ray angular correlation techniques provide a powerful
method for mzasuring spins and multipole wmixing ratios. Occas:zonally,
however, ambiguous conclusions result from this method when several
initial spins along with their corresponding mixing ratios are found
to fit the experimental data equally well. 1In these cases, linear
polarization measurements on the gamma radiation can sometimes cdeterminc
the correct spin and mixing ratio (sce Chapters 2 and 3). The linear
polarization of a gamsza ray is produced by the same alignment process
used for the correlation measurements, and its value depends upon the
same variables as do the expansion coefficients in Equation 1.21 [21,

557. The lipnear polarization can ve calculated explicitly for each
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theoretical corrclation, and these values can then be compared to the
measured polarization which is determined using some polarization
sensitive procedure such as the Compton scattering process. Very
often the results uniquely determine a spin and its corresponding

mixing ratio.

1.2 Objectives of the Present Work

When plans were initially made for tne work which has resulted in
this dissertation, priority was given to the development of a gamma ray
polarimeter along with the experimental procedures through which the
instrument coulcd be used for linmear polarization measurements. This
dcvelopment process and its successful completion are discussed in
detail in Chapter 2. These new tecnniques were then combined with the
already well-established procedures for lifetime and angular correlation
measurements, and the result was an expanded experimental capability
. . , 29 61,
which was then applied to two nuclei, Al and Ni
) . . 29 .

Linear polarization measurements made on Al are discussed in
Chapter 3. These measurenznts, when combined with the results of
lifetime and angular correlation studies made by other groups, permit

. . : . . . 29

the calculation of partial widths tor the iow lying states in Al .
These widths are then compared to those calculated using the Nilsson
model.

The final chapter deals with lifetime, angular correlation, ana

. . 61 . )

linear polarization measurements made on Ni . The experimental

procedures for the lifctime and angular correlation measurements are

discussed, and the results of all three studies are compared to the



shell model calculations of Glaudemans et al. and the core coupling

model calculuations of Hoffmann-Pinther et al.

11
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2. LINEAR POLARIZAiION PHENOMENA

2,1 Theory
2.1.1 Angular correlations. The presentation of the material

contained in this section closely follows that of Taras [ 55 in which
gamma ray angular distribution and linear polarization formulas are
presented in terms of the phase-defined reduced matrix elements of
Rose and Brink [ 51]. The phase consistent approach used by Rose and
Brink to define and manipulate the reduced matrix elements of the
multipole interaction operators has done much toward removing the

confusion concerning che sign of the mulcipole mixing ratio, § , which

has existed for a number of years as a result of the different
approaches taken by various authors [H4+,18,107.

T'his entire discussion is restricted to the study of the gamma
decay of an excited state which is produced and aligned by the
bombardment of target nuclei by a suitable beam of incident particles
(see Figure 1.i). ‘The beam is assumed to be unpolarized, and the
spins of the target nuclei must be rardomly oriented. Under these
conditions and for an excited state with total spin, J , tiiere is
equal population of the positive and negative magnetic substates,

That is,

P(i) = 2(-m) 2,11

where P(m) 1is a parameter which gives the relative population of &
substate with projection, m , onto the symmetry axis defined by the

direction of thu incident beam. The population parameter describing a
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particular substate is usually defined as the sum of the parameter:
which describe the population of the posititve and negative pro-
jections of the substate. These new population parameters are
normalized so that

z P'(m) =1. 2.12
=0
The orbital angular momentum vector for a particle in the

incident beam is given by

where r and El define the position and linear momentum of Lhe
incident particle with respect to ihe target nucleus, Since 21 is

perpendicular to both r and Bl , there can be no projection of Zl

onto the symmetry axis. Thereforz, mz = 0 , and Equation 1.12 gives
1
m =1 + m + m + m . 2.14
L S T
IT the outgoing particles are detected along the beam axis at either

]

0° or 180° , then m, = 0, and
m=m <+ 0 + m . 2.15

Equation 2.15 states that the magnetic quantum number of the highest
substate populated is equal to the sum oi the intrinsic spins of tae
target nucleus, the incident particle, and the outgoing particle.
Under the proper experimental conditions and for an excited state with
spin, J , this value of m may be less than J , thus assuring

aligned orientation of the residual nucleus,



14

The technique whereby gamma radiation is studied in coincidence
with particles detected along the beam axis is commonly referred to
as Method II of Litherland and Ferguson [Li], and it is a widely used
procedure for the production of aligned states. However, the
detection of the secondary particle is not always necessary. Under
the proper experimental COndition§ the outgoing particles may be
described as s-waves (g = 0) or p-waves (4 = 1) in which case
m in Equation 2.14 is a small number. Very often, the alignment

2
produced in this manner is all that is needed for the gamma ray

studies.
The total probability per unit time per unit solid angle that a
state J> will decay to a state I> through the emission of a

gamma ray in the direction k is given by [55]

Ty o L1138 ,
P(k) = znﬁ KiL' ﬁ«)( 1) Zl(LJL'J,IK)PK(cos 8) x
‘ITT'I"
[ H

1
<Y | 13T 7

p L
(2L+1)#(2L'+1)*

>

2.16

where the emitting level is allowed to have mixed parities and where

the following definitions apply:

(1) If L represents all the magnetic multipoles involved
in the gamma emission, L' represents all the electric
multipoles., If 1L represents electric multipoles, T.°

tben represents magnetic multipoles,



(2)

(3)

(%)

(5)

(6)

%o

= % (=1

15
m is O for electric radiation and 1 for magnetic
radiation. The same is true for m'
k is the wave vector for the emitted radiation- Its
magnitude, k , should not be confused with, K , the
order of the ordinary Legendre polynomial,
PK(cos 6)
<JHT§”>HI> is a reduced matrix element for an electric
or magnetic multipole operator depending on which one
is represented by L and m
Zl(LJL'J,IK) is a general coefficient composed of a
Clebsch=Gordon coefficient and a Racah coefficient.
The numerical values of these Z1 coefficients are

tabulated in reference [557.

Py is a statistical tensor describing the orientation
0

of the emitting level and may be expressed as follows

n terms of the population parameters, P(m):

T (m) (33m-m| KO) 2.17

m=>0

~%

where 0= (23+1) . The pgo Aare non-zero only

Po

when k 1is even since the Clebsch-Gordon coefficients

in Equation 2.17 are identically zero for odd K.,

In Equation 2,16, P{R) is the sum of two emission probabilities.

That is,

(k) 2.18
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where q = + 1 refers to a gamma ray which is circularly polarized
parallel (+ 1) and anti-parallel (- 1) to the direction defined by
the wave vector, k [11]. The gamma ray energy dependence implied by
the wave number, k , is important only when a comparison is made
between absolute emission probabilities for gamma rays of different
energies. Since interest here lies only in obtaining the angular
distribution equation for a single gamma ray, the factor, k\2wé
shall not be carried further.

The multipole mixing ratios defined by Rose and Brink are

g

<gj I>| (2141) %

where L and n represent the lowest order multipolarity occurring

in the transition J - I . Usinz this definition, Equation 2.16
becomes
w(®) = = (-1)%0pn2. (LIL'J,IK)P (cos 8) x
K(even)
L+L" - > <>
1+ (-1)Fromm K]af” 55 /2 2.20

Equation 2.20 is applicable when neither the circular nor lipear
polarization of ‘he emitted gamma ray is observed. The emitting
level is assumed to have a definite spin, J , and an axis of
symmetry with respect to which ¢ is measured; howcver, the ctate,
J , need not have a definite parity.

For the gamma decay of a initial state, J> , to a final state,

II> , there exists a definite relationship between the parities of
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the two states and the multipole orderc iavolved in the gamma ray

emission [ 32]
(ﬁJ.nI) = (-l)L for electric radiation, &(L) 2.21
and

.i.l
(“J'“I) = (-l)L ~ for magnetic radiation, M(L) .

)
N

(Note, the quantities my eand m

and mn' which are defined on page 15.

T should not be confused wilan

If the levels I and J have the same parities, then n is

J I
positive and only M1 , B2, M3 , Ek ... radiations are allowed by
Equations 2,21 and 2.22. Likewise, only El, E2 , E , My ...
radiations are sllowed when J and I have opposite parities. These
results imply that, for any two allowed multipole radiations, L + L'

is always odd as is T + pn' (see definitions of m and n' on page

i3). Therefore, since K is even,

LL'+tm ' -K
A5 el e T T

and Equation 2.20 may be written as

we) = = (-1)%. 2 (LIL' T, 1K) 8T 7p_(cos 0). 2.23
i k0“1 L L' K
LL'mm
K (even)

At this point it is worthwhile to summarize the conditions under which

Bquation 2.25 is applicable.
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Neither the circular nor linear polarization
of the gamma radiation is observed, i.e ,
only the intensity is determined as a function
of the angle, 6 .
The states J and I must have definite
parity.
The sum over (L,m) and (L',m') is over all
multipoles consistent with the conservation of

parity and angular momentum. Recall that
|g - Il <L,L'sJ +I; L,L'£AO.

The sum is over even X only (see page 15 and

the aiscussion of the statistical tensors, Pxo B«

Equation 2 23 may be simplified further by assuming that, of all

allowed multipoles, only the two of lowest order contribute to the

transition.

In this case,

L=L and L' =1L+ 1

and

I-
w(e) =2 (-1) J+K72pKD[Zl(LJLJ,IK) - ESZl(IJL’J,IK)
K
+ égzl(L'JL'J:IK)]PK(cos o) . 2.2k

Equation 2.24 describes the gamma ray angular distribution

assuming & point detection geometry when, in reality, the gamma ray
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detector subtends a finite solid angle centered about the direction,
® . Corrections for this finite gecmetry effect can be calculated
and included for each order of the different terms in the expansion

for () [40,48]. Finally, Equation 2.2L4 takes the form

w@)_riaé%PKhose) 2.25

where the QK'S are the finite geometry -orreciviors mentioned

above, and

I-J+K/2 . .
&y = (-1) “ pKD[Zl(LJLJ,IK)-;cz;(LJL‘J,lx)
2 BT T
+ 6 Zl(L JL'J,IK)] . 2.25a
for K =0,
FO, 1'_| - Ll
Zl(LJL'J,IO) =
(-1)*'J(2J+1)l/2, LAL
and
_ 12
Pog = (27+1)
so unat
% T (146242 .

The coefficients, ay » are usually normalized through division by

(1 + 62) . That is,



(1+5°)

so that

and

_ I-J+K/2 : } .
Ay = (-1) pKO{Zl(IuIJ;IK) 26Zl(LJL J,IK)
(K> 0)

9]
+ 6LZl(L'JL'J,IK)} : 2.25b

Normal procedure for gamma ray angular correlation studies
involves fitting Equation 2.25 to a measured angular distribution.

The spin, I , of the final state is usually kaown, and the may

ko
or may not be known, depending on the experimental situation. For
instance, using Method II of Litherland ana Ferguson, {u,nV)
reactions on even-even target nuclei (ground state spin = 0) can
populate only + 1/2 magnetic substates for levels in the residual
nuclei. In this case, the population parameter, P(m) , is known

exactly, and the statistical tensors, p , may be calculated using

KO
Equation 2.17. The spin, J , of the initial state and the multipole

mixing ratio, & , are then varied until one or more combinations are
found which give equally acceptable X? values, X2 being a measure

of the goodness of the theoretical fit to the experimental data. For

cases in which tne population parameters are not known exactly, the

P(m) must be treated as unknown parameters and varied along with J

and & . However, for a substantial number of reactions characterized
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as endoergic (i,g., those with negative Q-values), upper limits c=n
be set for the population parameters by performing transmission
probability calculations.

Before proceding with a discussion of the gamma ray linear
polarization distribution, the explicit form taken by the Aks in
Equation 2.25b will be given for two special cases. The order of the
terms involved in the expansion for (6) is limited to

K < min(2L',27) [47] so that

for dipole-quadrupole radiation (M1E2 or EIM2 ) ,

—(—l)I—JQQO[Zl(lJlJ,12)—26Zl(lJ2J,12)+6221(2J2J,12)7
A =
; (1+6%)
2.26
and
(-1)I'JpLL 52 (2727, 14)
A - 0" "1 .
J_[» 3

2
(1+67)
for quadrupole-octuvcle radiation (M2E3 or %2M3)

—(—l)I_JQQO[ZL(2J2J,I2)—26Zl(2J5J,12)+6221(5J5J,IE)]

(1+6°)

T-

\I-J 2
(-1) puo[zl(EJEJ,IM)—2521(2J5J,IM)+6 Zl(3J5J,IM)]

(1-6°)

2.27

and



-(-1)" 0 872, (3335, 16)
A/ = .
° (145%)

The AK coefficients expressed by Equations 2.26 and 2.27
depend upon the following parameters: J , the spin of the initial
state (the spin, I , of the final state is usually kaown) , § , the

multipole mixing ratio, and the statistical tensors ph” . and

QEO )
6o These parameters vary indpendently during any fitting
procedure, and it is not difrficult to understand how more than one
combination might be found to fit the experimental data. In sucn
ambiguous situations, gamma ray linear polarization measurements oiten
provide the additional information needed to clarify the results, tor,
as shall be shown in Section 2.1, the linear polarization depends upon
the same three parameters as do the AK coefficients. Whenever
angular correlation and linear polarization measurements are made

simultaneously, they form a powerful method for determining spins,

parities, and multipole mixing ratios.

2.1.2 Linear polarization. The linear polairzation intensity

distribution for &« gamma ray of multipolarity IL,L' can be obtained
from Equation 2.2% by replacing PK(cos o) with the expression [21,

51]}
(2)

PK(cos 8) + (i)L,KK(LL')cos E@PK (cos @)

Therefore,
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we9) = = (-1 &y (L', IK)6TT 6T 7

LL'm-n

K (even)

{PK(COS 8) + (j)L,KK(LL‘)cos Q@Pég)(cos 8))}

2.28

where @ 1s the angle between the reaction plane and the electric

vector of the incident gamma radiatiorn. The coefficient KK(LL‘)

is defined as [ 21]

1/2

K (') = -[(xk-2)1/(k=2)177 “(LL'11/k2)/ (1L'1-1/X0) ,

and Pég) (cos ) is the associated Legendre polynomial. The plus or
minus sign is taken according to whether the EL'-pole radiation is
electirc (+) or magnetic (=) .

Again assuming that only the two lowest order multipoles

contribute, Zquation 2.28 beccomes

£(-1)
K

I-J+K/2 2 e
¥/ pKO{Zl(LL,K)—zazl(LL',K)+6 Zl(L L',K)}

PK(cos o) +

(D(e)cp) =

()T 29f (+) 2, (LL, K)K,(LL) -

z
K KO

iy S ) £2
(£)262, (LL', K)KALL' ) + (4) 872,

(L‘L',K)KK(L'L')]Pﬁ?)(cos 6)

.29

S
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where

Zl(LL’,K) = Zl(LJL’J,IK).

As standard procedure, the intensity of the polarized radiation

is measured at ¢ = 0° and @ = 90° , and the linear polarization is

deilinea as

1
\O
O
o
~—

J (0=0) - J_(
P(o) = 0? 90°% — 2.30
Jo(p=0) + J9O(cp = 90 )

The intensities JO and J90 are given by Equation 2.29 which, when

combined with Egquation 2.30, gives

_y (£);2, (LL, K) Ky (TL)- (+), "
(-1 | ' 3
1( ) Pro | 262 (LL',K)K(LL") Py

#(+), 672 ('L K (L'L) | (cos 8)

by aKPK(Cos )
K

P(e) =

2.31

where the ay are defined as in Equation 2.25b. Numerical values for
the KK'S and Pig)’s are given in references [21] and [55].

Careful inspection of Equation 2.31 raveals that
PIE(LM(L')] = -P(M(L)E(L")] . 2.31a

That is, the sign of the linear polarization charnges according %o
whether the higher multipolarity is electric or magnetic. Therefore,
for cases involving a known mixing ratio, and assuming that the parity

ot the final level is known, the parity of the cmitting level cau be
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)
obtained by determining the sign of the linear polarization. Undur
normal circunstances, polarization meacurements are made at only one

angle, 6 = 90°. At this angle, Pé2>(0) is maximum, and a, is

very often larger than au and a6 . In such cases, the linear
polarization is largest at right angles to the incident beam. How-

ever, for situations in which a2 and a“ are comparable, the linear

polarization may be largest at some angle other than 90° [(47]. 1In
any event, after substituting the appropriate wvalues for KK(LL') s

P _(cos ) , and Pé?)(cos 0) , the exoression for the linear

k!

polarization at 6 = 900 may be written explicitly for the followling

cases" (1) M1E2 radiation
e Ly (11,2)4262, (12,2)| -50, 6°7. (22,1t
-(-1) 30 At A D T S ho® m1v7
2
(1+87) 200 4 %52z(22,2) 8
P(90%)= - =
- - 1
. (-1)1 J 000 21(11,2) 2azl(~2,2) +ij06 Zl(ze,u)
5
(1+67) | 2|+ 6%z, (22,2) ’ f
2.%2
where Pi(cos 8) =1 and Pé2>(cps ) = 1 for all 6 .
(ii) For M2E> radiation
I-J 5P
illl—i—{-ang -%21(22,2)+%5zl(23,2)A --—4%9 -%21(22,4)+%gzl(23,4)
(1+6) 1.2 1.2
+36°2,(33,2) +56°2,(33,4)
g8 21(33,6)
o + 30
P(90°) = .
I- z = ‘ )
LD I pgy 29(22,2)-262,423,2)  3p,. 21(22,2) 262,(23,4)
(1555 2 +6°2,(33,2) 8 +6°7,(33,4)
2
50606 21(33,6)

+ G 2 33



where again
Zl(LL',K) = Zl(LJL'J,IK) .

Whenever the linear polarization and the angular correlation
measurements are made under the same experimental conditions, the
statistical tensors appearing in Equations 2.26 and 2.32 are identical,
and so are those in Equations 2.27 and 2.3%. Thus, Equations Z.32
and 2.53% may be rewritten in terms of the expansion coefficients, &y s
determined by the correlation measurements. For the special case

of pure B2 radiation,either Equations 2.26 and 2.32 (with § =co )

or Equations 2.27, 2.3la, and 2.33 (with & = 0) give

P,(907) = 2.3k
Suppose now the angular correlation measurements have failed to
distinguish between sets of different values, [Jl,él,Pl(m)] and
[J2,62,P2(m)] , for the initial spin, mixing ratio, and pooulation
parameters involved in the transition J < I . The linear polarization
at 900 could be calculated using these different results and compared
to an experimentally determined value. Such a comparison quite often
will eliminate one set of the parameters. Also, once the mixing
ratio and the sign of the linear polarization have been determined,
the parity of the emitting level can be optained, assuming the parity
of the final state is known.
The remainder of this chapter deals with the construction and
calibration of a Compton polarimeter which has been used ir

polarization measurements.
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2.2 The Compton Iinear Polarimeter

2.2.1 Design and construction. Several physical processes

have been found to be useful for the detection of zamma ray
polarization [21]. When judged by their frequency of application,
the most important of these processes is the Caompton effect. As
shall be shown below, the Compton cross section is larger for
scattering at right angles to the electric vector of the incident
radiation. Therefore, an asymmetry can be measured between the total
numbers of counts detected in two planes which are respectively
parallel and perpendicular to the direction of the incident electric
vector. This asymmetry is directly proportional to the linear
polarization of the initial radiation.

The particular polarimeter construction for this work is similar
to that of Taras et al. [57], and a diagram of the instrument is
shown in Figure 2.1. The detectors consist of five identical Nal
crystals with the center crystal serving to Compton scatter the
incident gamma radiation. The scattered photons are detected in the
outside crystals in coincidence with recoil electrons detected in
the center crystal. There is no difference between the intensities
of the scattered photons detected by the two vertical crystals, and
the use of two such detectors instead of one serves simply to double
the coincidence counting rate for a given period of time. The same
is true of the horizontal crystals. Further details on the physical

dimensions of the polarimeter will be given later in this section.



Figure 2-1 A diagram of the five crystal, Nal polarimeter
AC 1s the direction of propagation of the incident
radiation whose energy is EO

AD 1s the direction of propagation of the scattered
radiation whose energy is E'

® 1s the Compton scattering angle

T is the angle between AB and the projection AD
onto the plane perpendicular to AC
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The sensitivity of the Compton effect to the polarization of
the incident radiation can be obtained from the Klein-Nishina formula
(20,39 ] which gives the differential cross section for the scattering
process. The direction of polarization for the scattered photon is
seldom of interest, so that the form of the Klein-Nishina formula
most applicable is

+ = -2 Sinee cosgn]dﬂ
0

I_\)
U
\n

io(e,M) = 5 5 L

where a summation has been made over all directions of polarizaticon of
the scattered gamma ray and where the following definitions apply

(see Figure 2.1):

(1) s = eg/moc2 = the classical radius of the electron.

(2) 4Q is the element of solid angle into which the
photon is scattered.

(e) ® 1is the Compton scattering angle.

(4) m is the angle between the electric vector of the
incident radiation and the plane containing the
scattered photon (the ACD plane in Figure 2.1).

(5) g is the angle between the incident electric vector
and the direction of propagation of the scattered
proton (cosgg=:singecosgn).

(6) E, and E' are the energies of the incidernt and
scattered photons, respectively. (Do ot confuse EO

and E' with E , the electric vector of the

incident radiation).
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Now assume that the polarimeter of Figure 2.1 is composed of
point sized detectors located infinitely far apart. The vertical
crystals and the horizontel crystals lie in two mutuwally perpendicular
planes, and the center crystal lies at some point along the line of
intersection of these two planes. In their respective planes, the
vertical and horizontal crystals may be positioned to detect radiation
scattered at some angle, 6 , from the center crystal. However,
these ‘photons will have resulted from the scattering of incident
photons with either M = 0° or 1 = 90o . Equation 2.35 shows that
do(e,M) is largest when T = 90° and smallest for 1 = 0° . There-
fore, the incident radiation is perferentially scattered at right
angles to its electric vector so that, if the incident radiation is
polarized, there will be a difference between the total numbers of
scattered photons, N and N

v H’

horizontal crystals, respectively. N, and NH may be written as

detected by the vertical and

v

foilows in terms of the scattering cross section and the incident

gamma ray intensities, JO and J90 , uefined in Equation 2.30.

=
1]

T om0o 30 (8:,M=90") + T _0dc(8,M=07)

e

and

N, =J_ .edo(6,M=0") + J

- =0 Oodc(e,ﬂ=90°) . 2.35

=9
The engles ¢ &and 1M are casily confused, and it is worthwhile to
define them once again. ¢ 1s the angle between the reaction plane
and the electric vector of the incident radiation. 1T is the angle

between the electric vector of the incident radiation and the



scattering plane. The fractional asymmetry in the total number of

counts detected by the vertical and horizontal crystals 1s defined

as

Equations 2.3%6 and 2.37 give

. [dcr9o(e) - do(6)] (I, - J9o)
[dogo(e) + dco(e)] iJO + Jggj
or
A= S.P
where
- Io - Jgo
JO + J90
and
) dd9o(e) - doo(e)

- dago(e) + doo(éj )

P 1is just the linear polarization of the incident radiatior as

59

no

2.4

defined in Equation 2.%0, and £(8) is the palarization sensitivity.

For this point scattering (p.s.) geometry and with ¢

Equation 2.41 becomes

1

s = L
D.S. EO/E' + E'7EO -1

90°

2.hp
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As a function of the incident gamma ray energy, L S is the

0’ P .
maximun value possible for the polarization sensitivity. With this
geometry, the polarimeter attains its greatest sensitivity to the
iinear polarization of the incident radiation.

Obviously, the point scattering geometry described above
represents an ideal case, and any physically reasonabie polarimetcr
must be constructed with a finite scattering geometry. For such a
polarimeter, the angles @6 and T have finite ranges, and the
polarization sensitivity is reduced by solid angle effects. ‘There-
fore, the new polarization sensitivity must be determinea over some
sultable range of incident photon ener;ies. Once this is donz, the
linear polarization of any incident gamma ray may be found by measuring
an experimental asymmetry, A , and then using Equation 2 39 with an
appropriate value of S(E) . The calibration ot the polarimeter used
in this work is discussed in detail in the next section of this
chapter.

The five detectors which comprise the polarimeter are identical
1.5 -by 2.0 inch Nal crystals mounted as shcwn in Figure 2.1 inside
a circular lucite holder. The outside crystals were shielded from
the ingident radiation by 5.0 cm of lead. The entire polarimeter
was shielded from background radiation incident “rom the sides by
1.3 cam of lead, and the polarimeter could be rotated inside tne lead
shielding about a concentric axis through the center of the middle
crystal. For reasons given earlier, all experimental measurements
were made with the polarimeter positioned at 90° with respect t©o the
beam axis. The distance between the target and the face ol the center

crystal was 15 cm.
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Signals from the polarimeter were processed using the circuit
shown in Figure 2.2. A main amplifier was used with each gamma ray
detector to facilitate gain-matching between the five crystals.
Acceptéble events were those which produced a colncidence between the
particle detector, the center crystal and either the horizontal or
the wvertical crystals, but not both. TFor each such event, five
pieces of digital information were generated corresponding to the
particle energy, the recoil electron energy from the center crystal,
the scattered photon energy from a side crystal, the time difference
for the particle-center crystal ccincidence, and a routing signal
vhich identified the scattering plane as vertical or horizontal. A
DDP-224 computer was used to store this information event-by-event
on megnetic tape for later use in off-line data analysis. This
analysis consisted of reading back a magnetic tape subject to
appropriate restrictions placed on the particle and time spectra.
Also, upper and lower threshold levels could be set on the center and
outside gamma ray detectors in order to limit the range of acceptable
Compton scattering angles. The gamma ray pulse-height spectra
generated in this manner correspooded to the sum of the energy
signals from either the center and vertical or the center and horizontal
detectors. These spectra were used to determine the experimental
asymmetries, A , which were in fturn used with Eouation 2.39 to

obtain the experimental linear polarizations.

2.2.2 Calibration. The polarimeter was first checked for

instrumental asymmetries by measuring the experimental asymmetry for



Figure 2.2 A diagram of the electronic circuit used with the INal
polarimeter
AMP main amplifier
TFA timing filter amplifier

TSCA  timing single channel analyzer

FAST DISC constant fraction discriminator
Ok summing amplifier

TAC time-to=-amplitude converter

AND overlap colncidence

GATE  linear gated stretcher

SUM summing amplifier
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a radioactive 22Na source with the polarimeter in several different
positions. Four such positions were obtained by successively
rotating the polarimeter through an angle of 900 . For each
position the measured asymmetry was found to be zero within the
statistical errors.

The polarization sensitivity was determined over an incident
radiation energy range of 0.45 - 4,43 MeV wusing gamma rays of
known linear polarization. All except one of these calibration gamma
rays were produced by inelastic proton scattering to the first 2+
state in several different even-even larget nuclei. Ior appropriate
bombarding energies, these excited states are populated in the
inelastic channel by the decay of an s-wave (4 = O) resonance.
Thus, alignment of the residual nucleus 1s assured, and there is no
need to detect the scattered protons along tine beam axis. Each of
these 2+ states decays by the emissica ot pure E2 radiation.
Therefore, if the angular distribution of the emitted gamma ray is
measured for the same experimental conditions used in the polarization
measurement, Equation 2.3L may be used to calculate the linear
polarization of the radiation.

The 1.52 MeV gamma ray from tne B -decay of 60Co was
scattered through an angle of 70° i_lOo in order to produce the
remaining, low energy calibration point. The energy of the scattered
radiation was 0.45 - 0.50 MeV , and its linear polarization was
determined using the Klein-Nishina formula (Equation 2.35). Ianformation

on all the calibration gamma rays is summarized in Table 2. 1.



Table 2 1 Calibration reactions for the Nal polarimeter
REACTION™ BOMBARDING GAMMA RAY POLARIZATION
ENERGY ENERGY
(MeV) (MeV)
5DFe(p,];>'7) 2.01 0. 847 +0.56 + 0.03

W8 .
Ti(p,0'7) 3.0L 0. 985 +0.58 + 0.03
2l . o .
Mg (p,p'7) 3.01 1.363 +0.78 + 0.3
28 . -
Si(p,p'y) 3.0L 1.78 +0.80 + 0.03
12 .
C(p,p'7) 5.37 L. L3 +0.97 + 0.02
6000 s 601\71 0.45 - 0.50 +0.39 + 0.03

&p11 targets very thick



For each of these gamma rays, an experimental asymmetry was
measured, and the corresponding polarization was then determined
using Equation 2.29. The results of these measurements are shown as
the data points in Figure 2.3.

The polarimeter was also calibrated with a computer code which
averaged the expression for § given in Egquation 2.4l over the finite
geometry of the instrument [45,567. The result of this calculation
is shown as the lower curve in Figure 2.3 where the 200 KeV
threshold was applied to each of the outside crystals. The best fit
of this curve to the experimental data required no arbitrary normali-
zation. The curve is shown as calculated. The remaining curve in
Figure 2.5 is shown only for comparison purposes and is a plot of
Equation 2.42 which gives the polarization sensitivity for the point
scattering geometry with 6 = 90°

When threshold levels are placed on the five crystals of the
polarimefer, the effect is to restrict the range of acceptable
Compton scattering angles. This is equaivalent to changing the
geometry of the polarimeter so that it more nearly resembles the
situation for pecint scattering. TFor instance the application of
either a lower level threshold to the center crystal or an upper
level threshold to the outside crystals excludes small angle Compton
scattering. This same result could be achieved by decreasing the
length of the outside crystals. Under normal circumstances, the
polarization sensitivity increases as a function of the threshcld
setting until, depending upon the geametry of the system, some

combination of settings is found for which S is maximum [ 5]. The



Figure 2.3 The calibration curve for the Nal polarimeter srowing
the polarization sensitivity as a function of the
energy of the incident radiation. For comparison
purposes, the curve labeled "Point Scattering Geometry"
was obtained by plotting the equation shown at the top
of the figure.
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threshold levels chosen for a particular polarimeter must be weighed
against counting rate considerations. However, once the settings are
selected during the calibration procedure, they should be carefully
raintained through all subsequent measurements.

After completion of the calibration process described above,
thie polarimeter was ready for incorporation into a general research
program in gamma ray spectroscopy. The polarimeter was first used to
resolve spin and mixing ratio ambiguities ir 29Al . The results of

these measurements are the subject of Chapter 3.



b3

5. LINEAR POLARIZATION MEASUREMENTS ON 29Al

5.1 Review of the 29Al Nucleus
29

Al nucleus lies in a region of the 2s-1d shell where

The
there is considerable interest as to the applicability of the different
nuclear models. Many particle shell model calculations have been made
in the mass region A =27 to 30 by de Voigt et al. {177 who used

wave functions calculated with the Oak Ridge - Rochester shell model

codes. These calculations were tased upon a truncated 1d g , 28 % 5
1d % configuration space with a meximum of four holes in the 1d g

subshell. The modified surface delta interaction (MSDI) was used
as the effective two—bédy interaction.

'Nuclci in the mass region near A = 22 have been well described
by the Nilsson strong-coupling model which assumes the single, odd
nucleon to be coupled to a strongly deformed, prolate core.
Theoretical calculations based on the low-lying rotational bands
which result from such a description agree very well with experimental
measurements.

However, the single particle Nilsson model has been much less
successful when applied to nuclei of the 2s-1d shell with A 2 27 .
Studies of 881 and 298i have suggested that these two nucleiAmay
be described in terms of weak oblate core shapes, and, for this reason,
the mass region near A = 28 - 29 is believed to constitute a region
of transition from prolate to oblate deformation [287.

At the time the present work was undertaken, the available

29

experimental information on the states in Al Tbelow 3.6 MeV

excitation energy was as swmarized in Figure 3.1 and Table 3.1. The



Figure 3.1 Fxperimental information available for the states in

29Al below 3.6 MeV at the time the preseat work
was tegun
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Table 3.1

=
N

Available experimental information for the low-lying

states in 29Al at the beginning of the present work
E, TRANSITION oy Je 6
1.4o 1.40 2+ 0 1/2 5/2

1.76 1.7€ a C 3/2 5/2 0.22 + 0.10
- 0.06

2.2 0. bt

- 0.5
5/2 5/2 0.20 + 0.06
- 0.07
o oe) 5/2 0.24 + 0.03
2,23 2.23 4 0 ) 5/2 0.33 + 0.20
1.9 +0.7°
5/2 5/2 0.16 + 0.08
.88 - 2.88 4 1L.ko 3/2 1/2 0.0 + 0,13
- 0.08

1.7 + 0.5

*Mid-range values from reference [ 37]
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spin and parity assignments for the ground state and the first excilted
state are from references [28,337 and [6 ,35], respectively. The J7
value assigned to the level at 2.83 MeV 1is from Jones ct al. [35]
while the positive parity of the eighth excited state (3.58 MeV) was
determined by Jaffe et al. [33] who observed £ = 2 particle transfer
lending 4o the population of this Jevel im bhe °(AL(%,p) Al
reaction. The lifetimes and branching ratios are, respectively, from
Beck et al. [7 ] and Hirko et al, [28]. The spins and mixing ratio of
Table 3.1 are taken from references [28] and [37].

Unlike the situation for many of the other mass 27 to 30
nuclei, there still existed many ambiguities concerning the spins,
parities, and mixing ratios of the low-lying levels in 291 [177.

The failure of the angular correlation measurements to distinguish
between the different spins of the various excited states can be
attributed to the high ground state spin (J = 5/2) . In such cases,
there is a characteristic insensitivity of the gamma ray angular
aistribution to the spin of the emitting level. These uncertaintiecs
in the experimental results have not enabled a choice as to which
model best describes 29Al .

The linear polarization measurements discussed in the present
wOrk were made in an attempt to clarify the ambiguities described
cbove thus making more feasible the comparisons between experiment

and theory.

5.2 Ixperimental Procedure

Excited states in 29AJ_ were studied with the reaction

0
26Mg(a,p7)2’Al . The targets were prepared by vacuum deposition of
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99.7 percent isotopically pure 26Mg onto  2-ug/cm® 120 foils. These
targets were bombarded with an 11.26 MeV alpha particle beam pro-
duced by the T.U.N.L. model FN tandem Van de Graaff accelerator. The
signal handling arrangement was the same as that of Flgure 2.2. As
shown in Figure 3.2, the Nal polarimeter was positioned at right
angles to the incident beam, and the outgeoing protons were detected
at 180° with an annular silicon detector. A two mil mylar foil
positioned in front of the particle detector served to stop the
backscattered alpha particles.

Particle~-gamma-gamma coincidence data were accumulated over a 38
hour period and stored in buffered form on magnetic tape as described
in Section 2.2. An energy versus channel number calibration was made
for the analog-to-digital converter (ADC) used to process the energy
signals (labeled "Threshold y" in Figure 2.2) from the outside

detectors of the polarimeter. This calibration curve allowed the off-
line data analysis to be performed under threshold conditions

identical to those used during the calibration process.

5.3 Analysis and Results

The data stored on magnetic tapes were analyzed in the following
manner. Iirst, the tapes were read back, and a pulse height versus
channel number spectrum was produced which corresponded to the time
difference between the detection of a particle in the annular detector
and either the photoelectric absorption or the Compton scattering of
an incident gamma ray by the center crystal of the polarimeter. Such
time spectra contain a well-defined peak corresponding to colncidences

between protons and gamma rays associated with the population and



Figure 3.2 Top view of the target chamber showing the relative
positions of the Nal polarimeter and the solid state
particle detector
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4
Figure 3.3 Coincident proton spectrum from che 2‘)Mg(a,p7 )29Al
reaction. The peaks are numbered according to the

level populated in the residual nucleus.



52

100 29
o COINCIDENT PROTONS
L 26 4 29
27A‘ Mg( He,p)/) A'
«7(8)
80}
Pe)
= 60|
D
= 29|
O 40k (g.s.)
O
20} .
Al
J (2)
O L 1

150
CHANNEL NUMBER

|
100

=500



igure 3.4

Coincident gamma ray spectra from the ground state de-

cay of the 2.2% MeV level in 29Al . The photopeaks in
the top two spectra were produced by summing the energy
signals obtained from a Compton scattering event in-
volving the center crystal of tne polarimeter and one of
either the horizontal or vertical sets of outside
crystals.
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decay of a particular excited state, and this peak rests on a
uniform background created by random coincidences between unrelated
particles and gamma rays.

Next, a proton spectrum was generated which contained only those
counts whose time parameter fell within an appropriate window set
about the meak of the time spectrum. Proton counts resulting from
chance coincidences were removed from this spectrum by subtracting
any count having a time parameter within a second window set in the
random background of the time spectrum. The widths of these '"real"
and "randem" windows were equal. The proton spectrum produced in
this manner is shown in Figure 5.3 where the various groups are
labeled according to the level populated in the residual nucleus.

As can be seen the first four excited states were populated
reasonably well,

The gamms ray spectra shown in Figure 3.4 for the 100 percent
ground state decay of the third excited state were produced subject
to a particle window placed about the appropriate proton group in
Figure 3.3. Also, and in addition to the time restrictions described
above, these spectra met threshold requirements placed on the energy
signals from the outside crystals of the polarimeter. The top and
middle spectra represent, respectively, full energy events produced
when scattered photons are detected in the horizontal or vertical
crystals. The bottom spectrum represents gamma rays absorbed photo-
electrically by the center crystal, and this spectrum is shown only

for comparison purposes.



For the decay of each excited state, spectra corresponging to
vertical and horizontal scattering were produced by simply choosing
a particle window for the correct proton group. The numbers of
photons scattered vertically, NV , and horizontally, NH , Were then
extracted and used in Equation 2.37 to calculate the experimental
asymmetry, A . This assymmetry was in turn used with Equation 2.3%Q
to obtain the experimental linear polarization. An appropriate value
of 8 , the polarization sensitivity, was taken from the calibration
curve shown in Figure 2...

The eqﬂg(quy)agAl reaction, when used with & colinear detection
gecmetry for the protons, populates only + 1/2 magnetic substrates
for levels in the residual °7A1l nucleus (see Equation 2.15). There-
fore, assuming the spin and parity of the final state are known, the
linear polarization of a resulting gamma ray depends only upon the
spin and parity of the initial state and the multipole mixing ratio
of the emitted radiation. For each possible spin and parity, the
linear polarization may be calculated as a function of the mixing
ratio using the equation of Section 2.12. These calculated values
may then be compared to the experimental results in an attempt to

eliminate certain spin, parity, and mixing ratio assignments.

3.%5.1 The 1.40 MeV level. The radiation emitted in the ground

state decay of this level must be unpolarized since the state has a
definite J" assignment of 1/2' . The measurement for this
transition resulted in a polarization of P(90°) = -0.49 + 0.3k .

When checked using unpclarized randiation from a radioactive source,



Figure 3.5

Results of the linear polarization measurements for

three excited states in 29Al. The dashed curves
represent theoretically calculated polarizations
assuming each state to have positive parity. Inversio.
of these curves gives the results for negative parity,
and the solid portion of each curve subtends a range
of the mixing ratio allowed by the angular correlation
measurements of references [287 and [371. The range
of the measured polarization is shown a3 a shaded area
whereever there is overlap with the values of the
polarization calculated using spins and mixing ratios
consistent with the angular correlation results.
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the polarimeter was found to have zero instrumental asymmetry to
within statistical errors, so that no ready explanation exists for
the apparent discrepancy in the present measurement. However, this
result is only slightly outside one standard deviation from zero, and
gince most of the results for the remaining three excited states do
not depend critically upon the errors assigned to the measured

polarizations, this descrepancy was not considered serious.

3.3.2 The 1.76 MeV level. Experimental results for the

1.76 + 0 MeV transition gave P(90°) = - 0.35 + 0.43 . Assuming
positive parity and using the spin limitations imposed on this level
by the angular correlation measurements of Hirko et al. [28] and
Kean et al. [3 7] theoretical values for B(90°) were calculated and
plotted as a function of the mixing ratio, § . These plots are
shown on the left side of Figure 3.5 where the solid portions of each
curve subtend the allowed ranges of the mixing ratio (see Table 3.1).
The range of the measured polarization is shown as a shaded area
wherever there is overlap with the values of the polarization
calculated using spins and mixing ratios consistent with the
angular correlation results. Inversion of the curves gives the
calculated polearizations when the level is assumed to have negative
parity (see Equation 2.31a).

As can be seen, the results of the polarization measurements
allow only the following spin and parity assignments for the 1.76

+

MeV level: T7/2° , 5/2° , 5/2+ (including both ranges of §) , and

3/27 (with the range of mixing ratios containing arctan § = O ).
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The assigmments, 3/2 (with 65° < arctan § < 85° ), j/2+ , and
7/2° are all excluded.

Under the assumption of negative parity, EIM2 transition
strengths were calculated for each possible spin using the equations
of Section 1.1 and the appropriate lifetime, mixing ratio, and
branching ratio from Figure 3.1 and Table %.1. The M2 strengths
in Weisskopf units (W.u.) assumed their smallest values when these
calculations were performed using the largest and smallest allowed
values for the lifetimes and mixing ratics, respectively. The
following values were obtained for the M2 strengths: 58 W.u.
(3/2° , arctan § < 40° ), 17%6 W.u. (3/2° , arctan § > 50° ) ,

39 W.u. (5/2°) , and 99 W.u. (7/27) . Each of these values is well
above the upper limit of 3 W.u. set by Endt and van der Leun

{19]) in their tabulation of M2 strengths for nuclei with

A =21 - 44 . TFor this reason then, the 1.76 MeV level was
determined to have positive parity.

This result excluded two of the four J" values allowed Ty
the pclarization measurement leaving either 7/2+ or 3/2+ as a
possible assignment. For Jn = 5/2+ , hotice that no distinction
was made between the two different ranges of the mixing ratio.
However, as shown in Figure 3.1, the level at 3.58 MeV decays to
the 1.76 MeV level through an 86 percent branch, and there is
evidence that the 3.58 MeV 1level has spin 9/2 [27]. Assuming this
to be true, the 5/2+ assignment for the 1.76 MeV level is in-
consistent since the radiation from the 3.58 <4 1.76 MeV transition
would be M3E4. Thus the spin-parity assignment for the 1.76 MeV

level is most probably 7/2+ .
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5.2.5 The 2.2% MeV level. The results of the data analysis for

this level are shown in the middle portion of Figure 3.5 where the
range of the measured polarization is -0.29 + 0.34 . The J7
values, 5/2+ (including both ranges of 6 ) and 5/2 , are allowed
by the polarization measurement while the wvalues, 5/2— (also for
both ranges of § ) and 5/2+ , are ruled out. Once again, assuming
the 2.25 MeV level to have negative parity, M2 transition

strengths were calculated for each possible spin assignment. The
following results were obtained: 9 W.u. (3/2° , arctan § < L0O°) ,
317 Wou. (3/27, arctan & > 40°) , and 3.5 W.u. (5/27) . While

the M2 strength for the 5/2° assignment is only slightly larger
than the 3 W.u. upper limit set by Endt and van der Leun, it must
be remembered that this value was calculated using the most un-
favorable assumptions concerning the lifetime and mixing ratio. Also,
the upper 1imit itself is some six times larger than any measured

M2 strength tabulated by Endt and van der Leun. Therefore, on the
basis of these arguments, the 2.23 MeV level was assigned positive
parity and, once this was done, the spin can be limited to 3/2

although there remain two possible ranges for the mixing ratio.

3.5.4 The 2.88 MeV level. The energy level diagram of Figure

3.1 shows that this level decays to the ground state through a 58
percent branch and to the 1.40 MeV , first excited state through
a L2 percent branch. As stated in Section 3.2, data was taken for
the polarization measurements over a 38 hour period. However,

because of the reduced detection efficiency of the polarimeter, the
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counting statistics accumulated during this time for the 2.88 - 0
MeV transition were not sufficient to pcrmit a reliable measurement
of the linear polarization. Therefore, a polurization measurement
was made only on the radiation resulting from the 42 percent branch
of the 2.88 MeV level to the first excited state. The polarimeter
was not capable of resolving the 1.48 and 1.40 MeV gamma rays
which resulted from the 2.88 4 1.40 - 0 MeV cascade so that the
polarization was actually measured for the unresolved palr of gamma
rays. The spin of the first excited state is 1/2 which required
the 1.40 MeV radiation to have an isotropic angular distribution.
This in turn required that the radiation be unpolarized so that equal
numbers of the 1.40 MeV gamma rays were scattered into the vertical
and horizontal crystals of the polarimeter. Therefore, as can be
seen from Equation 2.37, the effect of the 1.40 MeV radiation was
to reduce the size of any asymmetry measured for the polarized

1.48 MeV gamma ray resulting from the 2.88 = 1.40 MeV transition.
This reduced asymmetry in turn gave a smaller value for the measured
polarization.

The theoretical values for the linear polarization were
calculated only for the 2.88 4 1.40 MeV transition and therefore
could not be directly compared to the measured values. The
calculated values were corrected to correspond to the measured
polarizations in the following manner. Suppose first that both the
1.48 and the 1.40 MeV gamms rays had isotropic distributions.
Then, since the two radiations are from a cascade, their intensities

at 90U would be equal. Let this intensity be Ao .« In reality
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however, the 1.48 MeV gamma ray has some non-isotropic angular

distribution so that, in general, its intensity at 9O° will be

AO[l + aEPg(cos 90° )7

or

%ﬂl- %Je)
since

P.(cos 90°) = - 1/2 .

2(

Wote that only terms of order less than or equal to two are needed to
describe the distribution since the spin of the 2.88 MeV 1level is

5/2 . The linear polarization of the cascade may be written as

. [AO/2+FAO(1—a2/2)]-[AO/2+(1-F)AO(1—a2/2)1
PLab(% ) = [AO72+FAO(1—a2/27j4[Ao/2+(1-§7AO(1—a2/éjj

or

. (1 - %J2ﬂ2F— 1)
PLab(90 ) = (2 - a2/2) 5-1

where F represents the fraction of the 1.48 MeV gamma rays
scattered vertically, and (1 - F) represents the fraction
scattered horizontally. Now the calculated polarization concerns

only the 2.88 9 1.40 MeV transition and is written as

i FAO(l-aE/E)-(l—F)AO(l~a2/2)
Poate. (907) = Th (T-a,/2)+ (1-T)A (1-2/2)
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or

. (l—a2/2)(2F—l)
PCalc.(90 ) = (l—a2/2) : 5.2

Equations 3.1 and 3.2 show that the theoretical values for the
polarization correspond to the measured values when the calculated
values are multiplied by the fraction

2 - a2

Lo- a, :

This correction can be easily made since, for a given value of the
mixing ratio, the calculation of the linear polarization first
requires the calculation of the expansion coefficient, ag .

The corrected curve for the calculated polarization is shown
on the right side of Figure 3.5 where the measured polerization for
the unresolved cascade is P(90°) = - 0.51 + 0.22 . As can be seen,
the results confirm the previocusly known 5/2+ spin=-parity

assignment, and, of the two previously allowed ranges for the mixing

ratio, the range of larger values is eliminated.

3.4 Summary

Figure 3.6 shows the experimental situation for the low lying

levels of 2%Al as it is now believed to exist. The J7

assignments are from the results of the present work which is based

upon previous measurements made in references [6,7,28,33, and 35 - 377.
Also shown in Figure 3.6 are the results of shell model

calculations performed by de Voigt et al. [17]. There is reasonable

agreement between the calculated and experimental excitation



Figure 3.6 Experimental results and theoretical calculations for

the low-lying levels of 29Al
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energies. However, the theoretical and experimental spin sequences
are inconsistent, and, as a result, there is also disagreement
between the two sets of branching ratios. Shell model calculations
for MI1E2 +transition strengths have been made only for the decay of
the first excited state. Therefore, no comparison can be made with
the experimental strengths measured for the higher excited states.

Both Jones et al. [36] and Hirko et al. [ 28] have presented
Nilsson model interpretations of 29Al assuming a prolate core
deformation. Both works have proposed three low=lying rotational
bands. A K = 1/2 band is based upon the Jm o= 1/2+ first excited
state and includes the 2.88 MeV level as its J = 3/2 member.

The level at 2.25 MeV 1is proposed as the bandhead of a K = 5/2
band while the level at 1.76 MeV is considered to be the second
member of a K = 5/2 band based upon the J' = 5/2° ground state.
Clearly these interpretations are consistent with the experimental
spin assignments of the present work.

Hilko et al. [ 27] have performed band mixing calculations for
29Al based upon the band scheme described above. In addition to the
three positive parity bands proposed by Kean and Hirko, two higher
bands of positive parity and one of negative parity were mixed with
the bandhead energies chosen to give the best agreement between the
calculated and measured excitation energies for the low-lying levels.
Their results are also shown in Figure 3.6 where the levels chosen as

bandheads are labeled with their Nilsson quantum numbers (NnZA) .

Again there appears to be reasonable agreement between experimental
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and theoretical excitation energies; however, the calculations fail
to account for the L2 percent branch of the 2.88 MeV level to the
level at 1.40 MeV .

M1E2 transition strengths calculated by Hilko et al. are
compared to the measured strengths in Table 5.2. There is excellent
agreement for the E2 strengths, but the M1 strengths appear to be
somewhat overestimated in the theoretical calculations. Hilko et al.
attribute this result, in part, to a lack of knowledge concerning
the form taken by the M1l operator in the deformed field of the
nucleus.

At the present time, the experimental situation appears to

29

favor the Nilsson model interpretation of Al. This conclusion

is based mainly upon the failure of the shell model to predict the
correct spin seqguence and upon the lack of extensive calculations
concerning gamma ray transition strengths. However, as pointed out
by de Voigt et al [17], the shell model calculations for 29Al might

possibly be improved by expanding the wave function configuration

space described in Section 3. 1.
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4. LIFETIME, ANGULAR CORRELATION, AND LINEAR

POLARIZATION MEASUREMENTS ON 6lﬁi

4.1 Review of the 6lNi Nucleus

56

4.,1.1 Shell model caliculations. The Ni nucleus, with 1f7/2

shell closures for both neutrons and protons, has been the subject of
intensive theoretical investigations using the shell model. These
calculations have naturally been extended to other Nickel isotopes, the
results being that these nuclei are among those most thoroughly
studied in terms of the shell model.

Therc are three basic approaches for meking shell model
calculations [24]. In general, all three suffer the common deficiency
that the configuration spaces used in the calculations are severely
restricted by practical considerations such as computing time and
memory size for the computers involved. The fundamental difference
between the three procedures is the manner in which each accounts for
residual interactions in the nucleus.

For the first procedure, some detailed form of the residual inter-
action potential is assumed. This potential has adjustable parameters
such as its range, depth, etc., and these are determined usually by
fitting experimentally observed energy levels. The interaction
matrix elements are then calculated for states composed of the
allowed configurations. One additional displeasing feature of this
particular method is that the exact nature of the residual interaction

is not investigated.
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This is also true of the phenomenological approach of Talmi et al.
(22]). Here, the interaction matrix elerents themselves are treated as
parameters and determined directly from fits to observed energy
levels.

The third method for shell model calzulations involves the
determination of the effective matrix elements directly from free
two-nucleon interactions. This method follows that of Kuo and Brown
[41] who have used the Hamada-Jchnston free nucleon potential in their
calculations. To the extent that the two-body interaction dominates
the residual interactions, this is probably the most pleasing approach
from a theoretical point of view. However, its success depends upon a
detailed knowledge of the two-body interaction and there is no
physical cvidence that many-body i:rteractions may be discounted.

Shell model calculations for the Nickel isotopes using the three
procedures described above have been made by various authors [ 2, 3,

4,15,24,30,42,54]. However, only recently have such calculations
been performed for the cdd-mass nuclei with the specific purpose of
describing the gamma decay of their low-lying excited states.
Glaudemans et al. [26] have calculated excitation energies, spins,
lifetimes, mixing ratios, and branching ratios for the seven excited
states in 6lNi below 1200 keV . The wave functions were generated
with neutrons in the 2p 3/2, 1f 5/2, and 2p 1/2 orbits outside

56

an inert Ni core. It was assumed that possible core excitations
could be taken into account implicitly by the effective interaction

and, for transition strengths, by the effective reduced single-

particle transition matrix elements. For electric quadrapole
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transitions, an effective neutron charge of e = (1.70 + 0.08)e was

obtained from a least squares fit to experimental data. Effective
single particle matrix elements for magnetic dipole transitions were
obtained through a similar fitting procedure. The 1g 9/2 orbit
was not included in the configuration space because, as pointed out

o1

in reference [15], this single particle orbit in Ni lies

approximately three MeV above the 2p 3/2 orbit. This energy is

57Ni « These

above the energy of the 1f 7/2 single-hole state in
results served as a rough guide for 61Ni , and thus it appeared
pointless to include the 1g 9/2 orbit when core excitations were not

considered explicitly.

4.1.2 Core-coupling model calculations. The core-coupling

model [59] has been applied to 61Ni by Hoffmaenn-Pinther et al. [29].
The ground state (j” = O+) and the first excited state

(J'r‘r = 2+) of 60Ni were coupled to the quasi-particle states

2p 3/2 , 1f 5/2 , and 2p 1/2 . Under the assumptions of the core-
coupling model, the nuclear Hamiltonian cean be written as

H=H + H_ + H.
C P int

where Hc i1s the Hamiltonian describing the core, Hp is the
Hamiltonian describing the particle which moves in the average
potential generated by the core, and Hint represents the core-

particle interaction. The basis set of wave functions used in the

calculations are the eigenfunctions of HC + Hp and are written as

aCJC, apap, IM> L.2
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where ap represents the additional quantum numbers required to
describe a core state of spin, J_, &, and jp play a similar
role for the particle, and I represents a coupled state with spin

projection, M . For a given spin, I , the matrix elements for the

total Hemiltonian are written as
<Jéj£),ZEM1H]JC,jp,IM> 4.3

where Jé , jé and JC s jp represent two different sets of core
and particle states whose spins couple to I . The contribution to
this total matrix element from the interaction Hamiltonian, Hint , can

be written as a product of two reduced matrix elements, one of which

concerns only the core while the other concerns o:aly the particle

moving outside the core. That is,

tst L]
<Todp IM]Hint ]JC, dp IM> ~

(¢ . .
<JéHHint”Jc><J£“H§nt“Jp> ho b

where Hgnt and ant represent the parts of the interaction
Hamiltonian which deal with the core and particle, respectively.

The explicit form taken by the interaction Hamiltonian generally
contains one or two parameters which describe the strength of the
core-particle coupling. The reduced matrix elements <Jé”H§nt”Jc> s
are also treated as parameters since the exact nature of the core
states 1s usually not known. During the diagonalization process for
the total Hamiltonian, H , all these parameters are adjusted to give

the best fit to experimentally observed energy levels. The number of
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parameters is kept small by considering only the ground state and one
or two excited states of the core. The single particle matrix
elements, <jéHH§nt”jp> , are usually celculated using harmonic
oscillator wave functions or wave functions produced by some other
standard technique. The elgenstates of H thus produced are next
used to predict the characteristics of the electromagnetic decay of
the excited states. These calculations are similar to those made

using wave functions generated with any other nuclear model.

L4L.1.% Experimental situation prior to this work. There appear

to be some seventeen excited states in 61Ni below 2200 keV
excitation energy. A comprehensive summary of the experimental
information on these states prior to the beginning of the present
work is given in reference [607.

Eleven of these seventeen states have been observed to be
populated in the Bt-decay of the 3/2" ground state of 6lCu
[ 8,13,50]. Spin and parity assignments for these levels were made
using measured log(le/g) values and the beta decay selection rules.
Branching ratios were also determined in terms of numbers of
transitions per one hundred decays of 6lCu by studying the
subsequent gamma decay of the excited states.

These eleven states, along with six additional levels, have also
been identified through proton and deuteron inelastic scattering [16,
34,587, (4, p) stripping reactions [16,23], and (d, t) pickup
reactions [23]. Spin and parity assignments have been made based wpon

cross section measurements and the 4-values of the neutrons transferred
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in the stripping and pickup reacticns. These assignments largely
confirm those made in the beta decay studies. As shown in
reference [60), lifetimes have been measured in 61Ni for only the

three lowest excited states.

4.2 EBxperimental Procedure

The experimental situation concerning 61Ni prior to the
beginning of this work suggested that this nucleus might lend itself
to the application of the series of gamma ray spectroscopic measure-
ments described generally in Chapter 1. This has indeed been found
to be the case, and it is the purpose of this section to describe the
procedures through which these measurements were made. The resulting
branching ratios, spins, mixing ratios, and lifetimes heave been used
to calculate experimental transition strengths which hopefully will
add to the systematics for this mass region while also providing a
basis for comparison with theoretical calculations.

The levels in 61Ni below 2200 keV were populated in two

reactions, 58Fe(a,n7)6lNi (QO = - 3,85 MeV) and 60Ni(d,p7)6lNi .

The 58Fe target was a L mg/cme selfsupporting foil enriched to
87 percent 58Fe . This target was bombarded with eight MeV alpha
particles from the T.U.N.L. van de Graaff accelerator. The 60Ni

target was produced by evaporating 99.7 percent isotopically pure
nickel metal onto glass slides which were first covered with a very
thin film of water soluble cesium icdide. These self-supporting
targets were floated off the slides and mounted on target rings. The

targets were approximately 100 ug/cm2 thick, and they were bombarded

with six MeV deuterons.
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The 60Ni(d,p7)6lNi regction was performed so that the added
resolution of the sclid state proton detector could be used in
determining the branching scheme for the excited states. In order to
cbtain greater particle yield, the protons were detected at fifty
degrees with respect to the beam direction as shown in Figure k. 1.
Gamma. rays in coincidence with these protons were detected at 90o to
the recoil direction of the 6;Ni nuclel as determined by the
reaction kinematics. Thus the energies of these gamma rays were

free of any Doppler shiffs.

The lifetime, angular correlation, and linear polarization

58

studies were made using the Fe(a,ny)élNi reaction. The following

is a discussion of how each individual measurement was performed.

4,2.1 Iifetime measurements. Electromagnetic lifetimes for

thirteen low-lying levels in 6¥Ni were determined using the Doppler
shift attenuation method (DSAM). Detailed discussions of this
technique are given in references [48] and [61], and therefore only a
brief outline will be presented here.

This particular method is used to measure nuclear lifetimes which
fall roughly within the range 10"15 seconds € T < lO"ll seconds .
When considered with respect to this time scale, the secondary light
particles from a nuclear reaction can be assumed to be emitted
instantaneously (see Figure 1.1). Therefore, the residual nuclei,
whose excited states ultimately decay by gamma emission, recoil
through the target material with a time dependent velocity, V(%) .
As shown in Figure L4.2, this velocity is the sum of two other

velocities, ﬁc , the velocity of the center of mass of the reaidual

« .



Fizure 4.1 Diagram showing the detector arrangement for the measure-

60

ments made using the Ni(d,p7)6lNi reaction
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Figure L.2

As measured in the laboratory reference frame, the recoil
velocity of the residual nucleus is the sum of two other
velocities, VC o’ the velocity of the center of mass of

the residual nucleus and the outgoing light particle, and,
VR , the velocity in the center of mass imparted to the

residual nucleus by the emission of the light particle
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nucleus and the secondary light particle, and VR , the velocity with
respect to the center of mass imparted to the residual nucleus by the
emission of the secondary, light particle. When these particles are
detected at zero degrees, the recoil velocity of the residual nucleus

is limited as shown in Figure L.2. For endoergic nuclear reactions,

energy conservation requires that |v | be less than IV

R l , and

C.m
50 the recolling nuclei will have some average velocity component
along the direction of the incident beam.

Next, consider an ensemble of excited nuclei whose members recoll
symmetrically about the beam axis. This situation is depicted in
Figure 4.3 where ¥(t) is the angle between the recoil direction and
the direction of the gamma ray detector. The light particles are
detected at zero degrees in the particle detector.

The angle, VY(t) , may be written as ¥(t) =6 + @(t) where 9
iocates the gamma detector with respect to the beam axis, and o(t)
is the time dependent angle between the beam axis and the direction of
the recoiling nucleus. The energy of a gamma ray emitted by this

nucleus will be shifted according to the Doppler equation
V(t
= + . e 5
Ey(t) EyO[l = cos ¥(t)] L.5

where ¢ 1s the speed of light and E is the unshifted gamme ray

yO
energy. The energy shift is

AE7(t) Ey(t) = T

Y0

=K léil cos y(t). 4.6

70



Figure 4.3 A diagram showing the time depeadent angle, ¥(t) ,
between the direction of the gamma ray detector and the

direction of a recoiling nucleus whose time dependent
velocity is V(%)
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As discussed in reference [48], cos ¥(t) may be expanded in terms of
6 and ¢(t) . Equation 4.6 is then averaged over the entire ensemble
of recoiling nuclei so that, at a given time, t , the average energy
shift can be written as

V(%)

AEyiti = E7O ZC cos § .7

where Vz(t) = V(t) cos (t) and is the average recoil velocity of
the ensemble along the beam axis.
In the ensemble, the number of nuclei emitting gamma radiation

of a particular energy can be written as
N(t) = Ny exp(-t/7) 4.8

where NO is the number of nuclei at ©t =0, and T 1s the lifetime

of the excited state. The number of nuclei which decay per unit time

is then

4

]
an(t), _ _O
| at ' - T eXp( t/"l') . )-)L.g
The average energy shift for the entire ensemble can be found by
integrating the product of Equations 4.7 and 4.9 over all time. That
is,

IOOAEy(t) (dN(t)/de)dt

AB = <9 = — . 4. 10

4 [o° (av/as)at

If the residual nuclei were recoiling in vacuum, then AE7 would have
it largest value which is just equal to the energy shift at t = O .

Thus, from Equation 4.7 ,
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VZ (t=0)

ax
AE];‘ =E,, 5 cos 8 . 4.11

In general, however, the excited nuclel slow down as they recoil
through the target material so that AE is less than its maximum
value. The Doppler shift attenuation factor, F(r) , is defined as
the ratio of the observed energy shift to the maximum possible shift.

Equations 4.7, 4.9, 4.10, and 4.11 give

F(r) = ‘v(t—ioﬁ [ Uy (6) exp(-t/7) at. b 12

In Equation L.12, V(t=0) is determined from the reaction
Kinematics, and an approximation to the form of Vz(t) can be
obtained from the stopping power theories of Blaugrund [127] and
Lindhard, Scharff, and Shixtt [43] (see reference [48] for details).
These theories describe the manner in which the recoiling nuclei slow
down in the target.

Therefore, for a given experimental situation, the values of
F(t) can be determined as a function of the nuclear lifetime, T .
For the 58Fe(a,n7)6lNi reaction, the values of F(r) were
calculated using the computer code FTAU fram reference [487. The
results are shown in Figure 4.4 where the inclusion of a + 15%
error for the LSS electronic stopping power parameter was found to
have a negligible effect.

The problem now remaining is that of determining the experimental
values of F(r) so that the lifetimes can be extracted by comparisons
with F(r) values calculated as described above. Referring once

again to Figure 4.3, the energy of a detected gamma ray is written as



Figure 4. L Theoretical values of the Doppler shift attenuation
factor, F(r) , as a function of the lifetime, = .
The inclusion of a + 15 percent error for the LSS

stopping power parameter was found to have a negligible
effect on this curve.
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Ey(e) = Eyo + AEy(e) 4,15

where AEy(e) is the observed energy shift. AEy(e) can in turn be

written as

(8) = aE™(s) 5 @
E (8) = -
AL A » 8 AE?ax(e)
= a8 (0) + F(r) . b 14

fquations 4.13 and 4.14 then give
ax _ o
E (8) =E  + AE$ (6 = 0°)F(r) cos 8 4. 15
where
AE?ax(e) = AEﬁaX(OO) cos 6 .
Equation 4.15 takes the form

E_(8) = E o T Mcos g h.16

with

Therefore, the experimental procedure is to measure the energy o
a gamma ray at several different forward and back angles. According
to Equation 4.16 these energies can be plotted as a function of
cos 6 and fitted with a straight line. The quantities EyO and M

are determined from this fit, and the experimental value of F(r) is

determined after AE$aX(b°) is obtained from the reaction kinematics.
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Finally, an electromagnetic lifetime is extracted using the
experimental value of F(r) and a plot such as shown in Figure L.lL.

The lifetime measurements made in this work for the 58Fe(a,n7)6lNi
reaction were performed using the target chamber and detector arrange-
ment shown in Figure L.5. Neutrons were detected at zero degrees in
the NE213 liquid scintillator placed 16.5 cm from the target. The
scintillator was shielded from gamma radiation by 2.5 cm of lead.
Comma rays in coincidence with the neutrons were detected at 129° ,
90° , and 51° to the beam with a 50 cc germanium detector
(GeIi). The detector was 6.5 cm from the target. The data taken at
900 , in addition to being used in the lifetime measurements, was
also used to determine the decay scheme of the excited states. With
100 nA of beam current on target, data were accumulated at each angle
for approximately seven hours.

A diagram of the electronic circuitry used for these measure-
ments is shown in Figure 4.6. Standard pulse shape discrimination
technigues were used to distinguish between neutrons and gamma rays
detected in the liquid scintillator. For an event consisting of a
toincidence between the liquid scintillator and the Geli detector,

five pleces of digital information were generated corresponding to

(a) the energy of the neutron (or gamma ray) detected
in the scintillator,

(b) a pulse shape discrimination signal which
identified this event as either a neutron (or

photon),



Figure k4.5 Target chamber for the lifetime, linear polarization,
and angular corr:=lation measurements made on 6lNi

using the 58Fe(a,n7’)6lNi reaction
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Figure 4.6 A diagram of the electronic circuit used in the lifetime
and n-y angular correlation measurements on Ini
AMP main amplifier
DISC fast discriminator
TIMING SCA time single cliannel analyzer
TAC time- to-amplitude converter

GATE GEN. gate and delay gel.erator

BLR PILEUP baseline restorer and pileup rejector

ADC analog-to~digital converter
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(c) the time difference for a coincidence which
involved the scintillator and the Geld
detector,

(d) the energy of the gamma ray detected by the
Geld crystal, and

(e) a routing signal to distinguish botween these

photons and pulser signals.

With the exception of the routing information, these digital half-
words were written event-by-event onto magnetic tape for later use
during off-line analysis. The pulser, whose outputs were constant to
with 0.2 keV , was used to provide the means for off-line gain
stabilization of the gamma ray data. Pulser signals, simulating
alternately high and low energy gamms events, were fed to the preamp
of the Geli detector and processed just as a genuine gamma ray energy
signal. However, these signals were tagged with an appropriate
routing signal so that after processing by the analog-to-digital
converter (ADC), their corresponding channel numbers could be
identified and stored by the computer in two separate sets of storage
locations. At deslgnated interwvals, two centroids were calculated
and dumped on magnetic tape along with the other data. During off-
line analysis, these centroids were used to correct the gamma ray
spectra for electronic gain shifts. These spectra were then used as
described earlier in this section to determine electromagnetic life-

times.
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4.2.2 Angular correlation measurements. The gamma radiation

from the low-lying levels in 61Ni was studied through angular
distribution measurements made with the photons detected i1n singles
and in neutron coincidence. The coincidence measurements were made
under the same experimental conditions as those for the lifetime
studies. The same electronic circuit was used with the exception that
the data were not gain stabilized since small gain shifts are not
usually significant in correlation studies. Data were accumulated

for approximately four hours at each of six back angles between 90
and 180 degrees.

The experimental conditions and procedures for the singles
measurements differed from those of the coincidence measurements only
in that the electronic circuitry was much simplified. This circult
consisted only of the gamma ray detector of Figure 4.6, a linear
amplifier, a baseline restorer and plleup rejector, and one analog-
to-digital coanverter. Data, stored in binary form on magnetic tape,
were accumulated for approximately one hour at each of eight angles

between zero and 90 degrees.

4.2.3 Linear polarization measurements. The polaerimeter used

for the polarization measurements on 61Ni was not the five crystal,
sodium iodide (NaI) polarimeter described in Chapter 2, but rather an
instrument constructed from two cylindrical germanium (Geli) crystals
mounted with Eheir axes parallel as shown in Figure 4.7. This type of
polarimeter, in which both crystals serve to scatter the incident
radiation, has been discussed in detail by Bass et al. [5]. When

compared to the Nal instrument, the outstanding advantage of the



Figure 4.7 The symmetric, two crystal, Geli polarimeter. The
incident radiation is represented by ¥ , the Compton
scattered radiation by 7o'
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Geli polarimeter is that its improved energy resolution allows it to
be used without a particle coincidence requirement, the result beilng
that substantially increased counting rates are obtained.

Each germanium crystal had an active volume of 30 cc, and they
were mounted inside a cryostat so that, when the cryostat sat upright,
the plane defined by the parallel axes of the crystals made a 450 angle
with the reection plane. Thus, by rotating the cryostat through 450
to first one side and then the other, the plane of the crystal axes
could be placed either parallel or perpendicular to the reaction plane.
The rotation axes of the polarimeter is the line along which the
surfaces of the crystals would touch if placed in contact.

A diagram of the electronic circuitry used with the polarimeter

is shown in Figure 4.8 where a coincidence between the two crystals
produced four pieces of digital information to be stored by the
computer. Photopeak energies for the incident gamma rays were
obtained by summing the energy signals from each separate detector. A
timing signal was also generated with amplitude corresponding to the
time difference between events in the two crystals. The time
resolution was approximately 120 nanoseconds full width half
maximum (FWHM) which, with a modest counting rate of about 2000 counts
per second, gave a true to chance ratio of better than 100 to one.
The energy resolution of the individual detectors was 2.4 keV FWHM
for a 1.25 MeV gemma ray, while the resolution for the summed
events was 3.5 keV .

The polarimeter was calibrated at 90u with respect to the beam

and with the front face of the cryostat approximately 15 cm from the



Figure 4.8 A diagram of the electronic circuit used with the GelLi
polarimeter
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target. Following the procedure described in Chapter 2 and as a
function of incident gamma ray energy, the polarization sensitivity,
S , was determined from angular distribution and asymmetry measure-

ments on the radiation which resulted from the pure electric

56 ) euMg 50

107,109

quadrupole (E2) , 2+ - O+ transitions in

28

Ti , and
Si , and the 5/2+ - 5/2+ transitions in Ag which were also
known to be pure E2 . The asymmetry data were analyzed subjcct ©o

the off-line application of 150 keV lower level thresholds to tro
energy signals from the separate detectors. The experimental results
are shown in Figure 4.9. The smooth curve is a fit made to these data
using the computer code described in Chapter 2.

Next, consider the plane angle subtended in the reaction plane and
at the target by the combination of the two germanium crystals (see
Figure 4.7). The size of this angle depends upon the orientation of
the plane of the detectors with respect to the reaction plane. There-
fore, the possibility existed that, for different orientations, angular
dstribution effects might change the intensity of the radiation
incident upon the polarimeter. These considerations were included in
the calculation of the calibration curve in Figure 4.9; however, the
effects were found to be negligible. Finally, when checked with un-
polarized radiation from a radioactive source, the asymmetry measured
with the polarimeter was fiound to be zero within statistical error.

Polarization measurements for 6lNi were made under experimental
counditions (beam energy, target thickness, etc.) identical to those
for the singles angular distribution measurements. Data were

accumulated for approximately four hours in =sach of two positions



Figure 4.9 The calibration curve for the Geli polarimeter showing
the polarization sensitivity as a function of the enerygy
of the incident radiation
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10k
defined when the plane of the detectors wus, alternately, parallel
and perpendicular to the reaction plane. The measurements were then
repeated, giving a total of eight hours of data for each position.

Normalization was with respect to the integrated beam current.

4.5 Analysis and Results

The 58Fe(q,n7)6lNi reaction was initiated with an incident alpha
particle energy of 8.0 MeV . The ground state @Q-value for the
reaction is_ - 3.8% MeV so that energy considerations allowed the
population of excited states up to approximately L.0 MeV . There-
fore there existed the possibility that the levels below 2200 keV
were fed from levels at higher energies. This feeding problem was
investigated using the lifetime data.

First, the buffered tapes containing the 90° lifetime data were
read back, and a time spectrum was produced in a manner similar to
that described in Section 3.3. After selecting appropriate 'real
and "random" windows for this spectrum, the buffered tapes were read
again, and a three-dimensional, energy versus pulse-shape discrimin-
ation (E vs. PSD) display was generated which described the events
detected in the liquid scintillator. For a.given event, the
associated energy was plotted along one horizontal axis while the
corresponding PSD information was plotted along the other. The
vertical axis represented the number of events found to have a
particular energy and PSD parameter. The display resembled a plane
surface with two raised areas. One of these areas represented the

neutrons detected by the scintillator, and the other represented the



detected gamma radiation. After setting an appropriate two-
dimensional window about the area corresponding to the neutrons, the
900 lifetime data were read once again in order to produce the
coincident gamma ray spectrum shown in Figure 4.10. This spectrum
contains some 35 gamma rays from 6lNi along with four contaminant

56

gamma rays which resulted from the Fe(a,m’)SgNi reaction. Next,
16 of these gamma rays were selected so that the excitation energies
of their parent states ranged from 656 to 2708 keV . A reasonably
liberal window was chosen for each peak, and 16 separate neutron
spectra were generated, one for each gamma ray. In order to in-
crease statistics in the neutron spectra, the four remaining life-
time runs, two at 129° and two at 51° , were read back and added to
the 90" data.

The detection characteristics of the NE213 liquid scintillator
are such that the energy deposited by an incident neutron can range
from zero to its maximum value. Therefore, no energy resoluticn is
obtained for the neutron energies, and an energy spectrum will
resemble a decreasing exponential curve. However, for socme of the
sixteen spectra mentioned above, the channel number for which the
neutron yield approached zero could be judged approximately. When
these channel numbers were plotted versus the energies of the
different excited states, a reasonable calibration curve was cbtained
for the neutrons. This curve is shown in Figure 4.1l along with two
neutron spectra which correspond to the population of the levels in
61Ni at 1611 and 2708 keV . An arbitrary error of + 10 has been set

on the neutron channel numbers. The neutron energies were stored



Figure L4.11

Calibration curve for the coincident neutrons. Several
neutron spectra were generated, each corresponding to

the population of a different excited state in 61Ni
For each spectrum, a channel number was chosen at whickh
the neutron yield appeared to approach zero. These
channel numbers, with an aribtrary error of + 10
channels, were then plotted as a function of excitation
energy. The dotted portion of the curve corresponds to
excited states whose reutror energles were off scale.
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Figure U4.12

Level diagram for the states in 6lNi below 2200 keV.

The J" assignments for the levels at 0, 67, 283, 656,
1100, and 1997 keV are from reference [60] as are the
lifetimes for the first three excited states. The
remaining information has heen either confirmed or
obtained in the present work. For purposes of
tabulation, the lifetimes are shown with symmetric
errors obtained from the actual errors given in

Table k. 1.
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in 64 channels and, as shown by the dotted portion of the
calibration curve, these energies were off scale for the population of
levels below about 1h00 keV . This unfortunate situation resulted
from an oversight during data acquisition.

The 900 gamma ray data were next read back with a neutron window
set so that gamma rays from only the first three excited states were
cbserved with any strength. The width of this window was expressed
as 64=X where X was some number slightly less than 64 . The
value of X was gradually decreased and recorded whenever gamma rays
began tc appear from the next highest excited state. In this manner,
neutron windows were determined which allowed the elimination of
essentially all feeding between states below 1400 keV .

The results of the two procedures described above were used to
eliminate any suspected level feeding during the analysis of the life-
time data. As mentioned earlier, five sets of lifetime data were
taken, two at 120° , one at 90o , and two at 51° . Before each set
was accumulated, an energy calibration was made using a 56Co source.
After data analysis, these calibration spectra were used to determine
the energies of the peaks of interest in the variocus gamma ray
spectra. These energies were then used as described in Section 4.2 to
determine the experimental values of F(r) . Whenever possible, the
final ¥(r) wvalue for any particular state was taken as the weighted
average of the F(r) wvalues for the different branches of the level.
The theoretical values of F(t) were taken from Figure 4.4, The
electromagnetic lifetimes (with symmetric errors) determined by com-

paring these values to the measured F(t) values are shown in Figure L. 12.



Figure L4.10 Coincident gamma ray spectrum taken at 90 degrees for

the lifetime measurements on 6lNi .  The peaks are
labeled according to the energy of radiation.
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Analysis of the lifetime data lead to the conclusion that only
a few states above 2200 keV were more than weakly populated, and
these states were generally found to have a large branch to either the
first or second excited state. With the exception of the states at
2123 and 2125 keV , all other states between 909 keV (fourth
excited state) and 2200 keV were found to decay entirely to one or
more of the levels in the group of levels which consisted of the
ground state and the first three excited states. Analysis of the
(d,p) data yielded a possible branch of the level at 2125 keV to the
eighth excited state at 1186 keV (see Figure 4.12). However, this
branch was very weak and not seen at all in the (&,n) data. The
level at 2125 keV was found to decay 100 percent to the fifth
excited state at 1016 keV . The fifth excited state in turn was
found to decay to both the ground state and the first excited state
so that three gamma rays were involved in this two=level cascade.
Analysis of the singles angular-distribution data for these three
gamma rays showed that the fifth excited state was directly populated
over 90 percent of the time as opposed to less than 10 percent indirect
population from the decay of the level at 2125 keV . The general
conclusion was that feeding was not a problem for the levels of

61

interest in Ni .
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The angular correlation data taken in n - vy coincidence was

analyzed without regard to level feeding. Six gamma ray Spectra were
generated, one for each of six angles between 90° and 180° . For
the particular peaks of interests, the experimental angular correlations
were determined from these spectra. Theoretical fits to these
correlations were then made as described in Chapter 2 using the
expression

w(e) = i A QP (cos 6) 4.17

where K 1is even, Q is a finite geometry correction, and Ag 1is

K
an expansion coefficient which depends upon the spins of the two
states involved, the population parameters of the initial state, and
the mixing ratio of the gamma radiation. With the outgoing neutrons
detected at zero degrees, Equation 2.15 implies that only the + 1/2
magnetic substates are populated for levels in the residual nucleus.
Therefore, the AK coefficients of Equation 4.17 depend only upon the

initial and final spins and the electromagnetic mixing ratio, § ,
which, according to Equation 1,16, can range from minus infinity to
plus infinity. During the fitting procedure for a particular trans-
ition, the final spin was known and several different spins were
assumed for the emitting level. For each assumed spin, § was varied
over its entire range by stepping arctan § from =90° to 90° in 19
increments of 10° each. For each step in arctan § , a theoretical

correlation was calculated and fitted to the experimental data. The

goodness of the fit was measured by the quantity [9]



115
Y(6,) - w®.)
2 i i i’-2
X = ni [ AY(ei) ] 4,18

where Y(ei) is the number of gamma rays detected at the angle, 8

i
w(ei) is the corresponding theoretical prediction, AY(ei) is the
error in Y(ei) , and n is the number of degrees of freedom which is
defined as the number of data peints minus the number of unknown
parameters in the fit. The values of XZ were plotted versus arctan
8 , and a 0.1 percent confidence level placed upon each plot in
accordance with procedure described in reference [97]. Any spin-mixing
ratio combination was ruled out if the combination produced a fit
whose X2 value was larger than the value of XZ which corresponded
to the confidence level. Examples of these plots will be shown later,
The branching ratios for the different transitions were determined
using the AO coefficients from the best fits to the correlation
data.

The angular distribution data taken in singles were analyzed as
described above with the following exception. Since the outgoing
neutrons were not detected at zero degrees, the values of the
population parameters could no longer be restricted to + 1/2 . How-
ever, limits were set for these parameters by performing optical model
calculations for different angular momentum transmission probabilities,
The optical model parameters were taken from Perey and Buck [46]. For
each theoretical fit to an experimental distribution, the calculation
of the AK_ coefficients of Equation 4.17 involved a search over this
range of restricted population parameters. Thus, for = given initial
spin, a best set of population parameters was determined for cach of

19 values of arctan § .
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The gamma ray linear polarization data were analyzed in a manner
similar to that described in Section 3.3 with the exception that 150
keV instead of 200 keV lower level thresholds were placed on the
energy signals from the separate detectors., The measured polarizations
extracted from this analysis were then compared to theoretical values
calculated using the equations of Section 2.1 and the population
paramcters determined by the singles angular distribution measure-
ments. These comparisons served to remove several spin, parity, and
mixing ratio ambiguities,

The following is a level=by-level summary of the results of the
spectroscopic measurements made for the gamma decay of the excited
states in 61Ni below 2200 keV . The earlier works to be cited
during these discussions are the beta decay studies of the ground
state decay of 6]'Cu [8, 13, 50] and the (d,p) and (d,t) single

particle transfer reactions investigated by Cosman et al. [16] and

Fulmer et al. [23]. All this experimental information is summarized

in reference [60].

4.3,1 The 67 keV, 283 keV, and 656 keV levels. These three

levels are populated in the B+-decay of 61Cu ground state and in
the stripping and pickup reactions referenced above. Values of
log(le/z) from the beta decay studies and a Distorted Wave Born
Approximation (DWBA) analysis of the J-dependence of the charged
particle ¢ross sections from the reaction data have resulted in

the following 1 assignments: 5/2° (67 keV) , 1/2° (283 kaV) . and

3/2° (656 keV) . Also, as shown in reference [60], lifetimes or
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lifetime limits have been determined for all three levels. In the
present work, these levels were found to be strongly fed from higher
excited states (see Figure 4.12). The feeding was eliminated by the
application of neutron windows; however, this procedure reduced the
gamma ray yield from direct population to Such an extent that no
lifetime or angular correlation measurements were possible. The only
experimental results obtained for these levels are the branching

ratios shown in Figure 4,2,

4.3.2 The 909 keV level. The J' assignment of 5/2° made for

this level as a result of the beta decay studies i= consistentL with the
£ =3 neutron transfer observed in the (d,p) measurements. In the
present work, branching ratios of 75+ 5, 20+ 3 , and 5 + 2 percent
were determined for the decay of this level to the ground state and

the fi;st and second excited states, respectively.

For the ground state branch of this level (EY = 909 keV) , the
results of the lifetime measurements are shown on the right side of
Figure 4.13, The Doppler shift between the 129° and 51° centroids
of the resulting gamma ray corresponded to a total energy shift of
0.8 keV . The gamma ray energy was plotted as a function of angle,
and the experimental value of F(t) was determined, as described in
Section 4,21, from a straight line fit to these data. Finally, using
the curve from Figure 4.4, a lifetime of 450 f igg fs was obtained.

The measured, n = » angular correlation for the 909 keV

gamma ray is shown at the top left of Figure 4,13 where the solid curve

represents a theoretical fit to these data assuming a spin of 5/2



Figure 4,13 Experimental results from the angular correlation and
lifetime measurements made in neutron coincidence for the
level at 909 keV . The theoretical fit to the

measured distribution is for J = 5/2 .
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for the emitting level. As stated earlier, the results of stripping
reaction measurements using a 6ONi target have determined that this
level is populated with g = 3 neutron transfer. Therefore, since
the ground state spin of 60Ni is zero, these measurements limit the
spin of the 909 keV 1level to J =4 + 1/2 (i.e., /2 or 5/2).
Attempts to fit the gamma ray angular correlation using these two
spins produced the results shown in the XZ plots of Figure 4.13. The
7/2 assignment is clearly eliminated, and two possible ranges of the
mixing ratio are selected for the 5/2 fit.

The results of the singles angular distribution and linear
polarization measurements are shown in Figure 4.l4a. The measured
polairzation of = 0.15 + 0.04 gives only one mixing ratio range
consistent with both the singles and 1 - y corrclation measurements.

Thus, these three measurements when contidered togcthexr, givu
s g g

016

5 =0.20 7 *o0 .

The theoretical polarizations in Figure 4,l4a were
calculated assuming no parity change (i.e., assvming an MIE2
transition), and, as can be seen, the experimental results confirm the
negative parity assignment for the 909 keV level.

In Figure 4.14b are shown the results of the singles measurements
for the 909 o 67 keV transition. The measured polarization is
0,01 + 0.11 , and the mixing ratio is restricted to - 1.19 < § < ~0.36 .
The endpoints of this range are subtended by the intersection of the
curve representing the calculated polarization with the boundaries of

the cross-hatched area representing the ailowed values of the

measured polarization.



Figure 4.14 Results of the linear polarization and angular
distribution measurements made in singles for the
level at 909 keV
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4,3,3 The 1016 keV level. 7The spin and parity of this level

were unknown at the time the present work was undertaken. DWBA

analyses of the (d,p) and (d,t) data were inconclusive, and no g=-

values were determined for the transferred nmeutrons. Reference [60]
. + 61

shows the level to be populated in the B =decay of Cu ; however,

as nearly as can be determined, this suggestion is based solely upon

the work of Beraud et al. [8]1 who are careful to point out that their

observation of the gamma decay of this level is rather tenuous. These
authors identified what they thought might possible be the ground

state decay of the level., The results of the present work have shown
this ground state transition to be a 35 + 3 percent branch. Lhe

1016 keV level also has a 65 + 5 percent branch to the first excited
state at 67 keV . This stronger branch has not been reported in any
of the various beta decay studies which suggests that the 1016 keV
level is not populated in the B+-decay of 61Cu . As for the
results of the lifetime measurements, the centroids obtained for both
branches of this level were found to be unshifted, the result being
that only a lower limit of 1 > 10 ps coulc be set for the lifetime,
An upper limit was determined by examining the time spectra which
corresponded to mn - Y coincidences for the 909 + 0 , 1016 + 67
and 1100 4 0 keV transitions. Essentially no shifts were obscrved
between the centroids of these ihree spectra, all of which had a
dispersion of approximately two nanoseconds per channel, Therefore,
since the 909 and 1100 keV levels were found to have lifetimes on

the order of 500 fs , a conservative upper limit of 1 < 10 ns was

taken for the lifetime o+ the level at 1016 keV



124

The results of the singles measurements for the 1016 -« 67 keV
transitions are shown in Figure 4.15a . X2 plots are shown only for
those spin assignments which give solutions below the 0.1 percent
confidence level. 1f the emitting level is assumed to have mnegative
parity, the 9/2 assignment is not consistent with the observed, 35
percent ground sState branch since such an assignment would require
“BE4 radiation., For positive parity, the radiation emitted in the
ground state decay would be E3M4 . With this radiation assumed to
be pure E3 , a transition strength of 248 W.u. was calculated
using *he upper limit of 10 ns for the lifetime. Such an E3
enhancement 15 clearly unreasonable. and therefore, the 9/2
assignment will not be considered further.

The above arugmenis result in a 7/2 spin assignment for the
1016 keV level. The level also has negative parity as shown in
Figure 4. 15a by the results of the linear polarization measurements
for the 1016 = 67 keV transition. The measured polarization is
» 0.22 + 0.05 , and this value selects a mixing ratio which agrees
with the value. § = - 2.5 i 8:2 , taken from the angular distribution
measurements, The large E2 strength implied by this mixing ratio is
consistent with other observations in this mass region (e.g., see
reference [31]).

The results of the angular distribution measurements for the
ground state decay of this level are shown in Figure 4,15b, There
appear to be fthree possible values for the mixing ratio. However, when

used with the 10 ns wupper limit for the lifetime of this level, the

, 6
values § = + oo, were found to require an M3 enhancement of 10  W.u.



Figure 4.15 Results of the linear polarization and angular
distribution measurements made in singles for the
level at 1016 keV
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Such an enhancement is obviously unreasonable, thus eliminating the
+ 0.12

possibllity of pure M5 radiation and leaving § = -0.05 _ 0. 22 in

Figure 4 15b. The measured polarization for this transition is

Ly + 10 percent which iz coansistent with a value of 60 percent

calculated tor § = 0.0 using Equation 2.3k,

4.3.4 The 100 keV level. This level has been assigned a J7

value of 5/2_ as a result of the beta decay studies and the ¢ = 1
neutron transfer observed iu the (d,p) and (d,t) work. In the

present work, the level has been found to have a lifetime of

+ 670
- 155

percent to the ground state and the first and second excited states,

360 i's with branches of 41 + L4, 8 +2, and 51 + 5
respectively.

The results of the singles measurements for the 1100 = O keV
transition are shown in Figure L4.16 where the measured polarization is
- 0.02 + 0.23 . As can be seen, these measurements do not distinguish
between the spin assignmeats of 1/2 and 3/2 , and essentially no
limits can be placed upon the allowed values oi the mixing ratio.
Additionally, assuming the 5/2 assignment to be correct, these
measurements do not determine the parity of the level.

Results similer to these were also obtained for the 1100 - 283
keV transition so that, with the exception of the lifetime and

branching ratios, no information can be given for the gamma decay of

this level.



Figure 4.16 Results of the linear polarization and angular
distribution measurements made in singles for the
level at 1100 keV



04

0.2

0.0k

N\

-0.2

10

0.1

—

3
Vv
0.0 ¢ 72

\ \
\W\g

- 0138
P
\Y 2 Yo =
i >
L
_
3
— 2 L
- —430 O
- =
- N
— a
} e
4o Z
- O
n | | |
-80 -40 O 40 80

arctan &

129



+ 200
- 100

has been measured for this level which has also been found to have

4.3.5 The 1132 keV level. A mean lifetime of 400

i3

branches oi’ 61 + 6 and 39 + 5 percent to the ground state and
first excited state, respectively. The J7 assignment of 5/2_
from the beta decay studies 1s consistent with the £ =3 neutron
tranéfer observed in the stipping and pickup reactions.

As can be seen in Figure L4.17a, this spin assignment is con-
firmed by the results of the = - ¥ correlation measurements for the
1132 =+ 0 keV transition. The results of the singles measurements for
this branch are shown in Figure 4.17b. The measured polarization of
- 0.05 + 0.05 Is consistent with the negative parity assigned to this
level, and the range of the mixing ratio is restricted to
0.36 £ § <0 70 .

The result of the singles measurements for the 1132 =+ 67 keV
transition are shown in Figure 4.18. The allowed ranges of the
mixing ratio are -co =8 = -~ 0.8+ and 2.14 £ § £ ©©. Both

ranges give substantial k2 transition strengths.

4.3.6 The 1186 keV level. This level has previously been

assigned a J"7 value of 3/27 as a result of the beta decay
studies and the g = 1 neutron transfer observed in the (d,p) and
(¢,t) reactions. The results ol the present work indicate that this
level has branches of 77 +8, 6 +2, 5+2, and 12 +3
percent to the levels at 0, 67 , 203 , and 656 keV, respectively.

Unfortunately, the strongest of these branches, the 1186 4 0

keV transition, was contaminated by the ground state decay ol the



Figure 4.17 The level at 1132 keV
(a) n -y angular correlation results

{b, Results of the linear polarization and angular
distribution measurements made in singles
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Figure 4.18 Results of the linear polarization and angular
distribution measurements made in singles for the
level at 1132 keV
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291 (%/zlﬂhkaﬂ. This level was

>59

forth excited state in

populated in the 56

Fe(a, ny Ni reaction. As a result, singles
measurements were not made for the 1186 =+ O keV transition.
Nelther were such measurements made for any of the other branches.
However, for the coincidence measurements, the contaminant gamma
was eliminated by setting a proper neutron window. The ground state

56 58,

Q-values for the (@,n) vreactions on Fe and Fe are - 5.09

and - 3.83% MeV , respectively. Therefore, neutrons leading to the

59

population of the 1184 keV 1level in Ni have about 1.3 MeV less

6
energy than the neutrons which populate the 1186 keV level in lNi .

29

The contaminant radiation from Ni was eliminated by setting a
aneutron window which excluded gamma rays from levels of about 2.4 MeV
excitation energy in 6lNi .« In this manner, a lifetime of
160 + 26 fs was determined for the level at 1136 keV .

The results of the n - ¥y «ngular correlation measurements are
shown in Figure 4.39 . The 1/2 spln assignment i1s eliminated, auad

though the range in ratker wide, the mixing ratio can be limited to

-0 <6 < 0.27 .

L.3.7 The 1457 keV level. This level has not been reportea

+ 6
populated in the PB -decay of lCu , and neither has a neutron g-
value been assigned from a DWBA analysis of the proton angular

distribution obtained in the (d,p) work of reference [16]. However,

4 =3 neutron transfer has veen reported in both the (d,t) study of

reference [23] ana the (BHe,a) work ol reference [52]. These results

have favored a 7/2 spin assignment based upon the J-dependence



Figure 4.19 Results of the n -y angular correlation measure-
ments for the’ level at 1186 keV
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exhiblted by the triton and alpha particle angular aistributions.

Analysis from the present work has resulted in a mean lifetime of

480 + 340

_ 16 Ts and branches of 76 + 8 and 24 + L percent for the

gamma decay of this level to the ground state and rirzt excited
state, respectively.
The angular distribution measured i1in singles f'or the ground
state transition is shown in Figure 4.20a. The solid curves represent

theoretical fits to the data for J = 7/2 with § = 0.0 and

+ O. .
J =5/2 with § = - 0.72 _ 8 28 . For the 5/2 fit, the mixing
ratio was taken from the results of the « - ¥y correleation measure-

ments. These results are shown in Figure U4.20c where, for the 5/2
assignment, they can be seen to be consistvent with the results of the
singles measurements shown in Figure L.20b. With P = - 0.12 + 0.22 ,
the polarization measurements confirm the negative parity assignment
for this level.

No theoretical calculations are shown in Figure 4.20b for the
polarization of the E2M5 radiation required by a 7/2 spin
assignment for the emitting level. However, the correlation measure-
ments alone limit the mixing ratio to either 0.14 + 0.0k or
5.7 f g:g . For J" = 7/2- , the ground state decay of this level
would normally be expected to decay by the emission of pure E2
radiation. Therefore, for § = 0.1k + 0.04 , there arose the
question of whether or not there was some unexplained error whicn
caused the mixing ratio to be nonzero. The most probable source of

such an error was the fact that the calculation of an error for §

did not include errors for the population parametars used in the fit.



Figure 4.20

The lcvel at 1457 keV

{a) Angular distribution measured in singles. The

(b)

(c)

theoretical fit is for J = 5/2

Results of the linear polarization and angular
distribution measurements made in singles

n - v angular correlation results
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This problem was investigated in the following menner. As described
earlier, the fitting procedure used for the singles correlation measure-
ments involved limiting the allowed population parameters to ranges
determined by adding + 20 percent to the values calculated with
transmission probabilities obtained from optical model calculations.
The theoretical fit to the angular distribution presently being
considered gave a X2 value of 0.99 with population parameters
P(1/2) = 0.43 , P(3/2) = 0.41 , and P(5/2) = 0.16 . These results
are in agreement with a recently developed procedure for analyzing
angular distributions by assuming a gaussian distribution for the
population parameters [537]. The optical model calculations implied
P(7/2) < 10 percent, and, as a result, population o: this suovstate
was not considered during the fitting procedure.

This same angular distribution was next analyzed with no

restrictions on the population parameters. The results were X?
0.90 for 6§ = 0.10 + 0.09 and P(1/2) = 0.60, :{3/2) = 0.06 , and
P(5/2) = 0.34 . These results can be interpreted as implying that
an unphysical set of population parameters is required to give a
mixing ratio most nearly egual to zero. Thus it appears that the
original i1t with restricted substate population is valid. T~rom th.se
results, an M3 transition strength of 2.6 x 105 W.u. was
calculated using the smallest allowed mixing ratio (6 = 0.1C) aud
the largest possible lifetime (v = 820 fs). Such an enhancement
is obviously unreasonable, and, on this basis, the 7/2 assignment

can be eliminated.
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Finally, the results c¢f the coincidencc and singles measurements

are shown in Figures 4.2la and L.21b, respeciively, for the 1457 -+ 67
keV transition. Only a 5/2 spin assignment was considered, and, as

can be seen, the mixing ratio is limited to - 2.75 < & < 0.36.

4.%5.8 The 1611 keV level. Prior to the beginning of this work a

tentative spin assignment of 5/2 had been made for this level solely
as a result of the beta decay studies. No neutron g- values were
obtained from the (d,p) and (d,t) measurements. The results of the
present work show that this level has branches of 42 + 6 and

58 + 9 percent to the levels at zero and 67 keV , respectively. The

+160
= 90
As shown in Figure 4.22a, the 1/2 and 3/2 spin assignments

mean lifetime was found to be 365 fs .

are eliminated by the Singles angular distribution measurements.
These measurements also restrict the mixing ratio to 0.18 < 6§ € 2.7
Tor the 5/2 assignment. This range for & is in agreement with tie
results of the polarization measurcments for which the measured
polarization is 0.C5 + 0.20.

The results of the singles measurements for the 1611 =+ 67 keV
transition are shown in Figure 4.22b. The polarization measurements,
with P = 0.49 + 0.19 , definitely confirm a J" value of 5/2° for
the emitting level. The mixing ratio is restricted to - 0.8 5 6 <

0.18 .

4.3.9 The 1730 keV level. The 4 = 1 neutron transfer which

characterized this level in the (d,p) and (d,t) studies is

consistent with the reported populatica of the level in the 6+—decay



Figure 4,21 The level at 1457 keV
(a) n -y angular correlation results

(b) Results of the linear polarization and angular
distribution measurements made in singles
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Figure 4.22 Results of the limear polarization and angular
distribution measurements made in singles for the
level at 1611 keV



04

100

asn—-T—J”,zn=?

oo__SL_3'_
- G‘Ni

= 5
3 2
_F .
| | ] | i
-80 -40 O© 40 80
arctan §

o

[0
(@]

O
o
CONFIDENCE LEVEL (%)

r

10}
-
u 3
Y 2
2
}—-
U =
i .
0.1 ! \ | |
-80 -40 0 40 80

arctan &

146

O

© n
o o}
CONFIDENCE LEVEL (%)



1h7
of 6lCu . However, these measurements have not been able to
distinguish between the J7 assignments of 1/2° and 3/2° .

As a result of the coincidence measurements made in the present
work, this level has been found to have a mean lifetime of 88 + 12 fs
and four branches of 25+ 5, 38 +6, 16 + 5, and 21 + 5 percent
to the levels at 0, 67, 285 , and 656 keV , respectively. These
branches participated in the decay of this level with approximately
equal strength, and the resulting n - 7 correlation for the
radiation from any particular branch was very weak. These correlations
were used only to determine the branching ratios. No attempt was made
to extract mixing ratio information.

For reasons similar to those Just stated, the singles measurements
for this level also provided to be of little use. The one exception
was the polarization measurement made for the gamma ray resulting from
the 1730 -+ 656 keV transition (E7 = 1074 keV ). For most forward
angles, Doppler energy shifts resulted in the contamination of this
transition by the gamma ray from the 1132 -+ 67 keV transition
(E7 = 1065 keV ). However, at 90° the two gamma rays were
separated reasonably well, and the contaminant radiation was removed
by fitting the two peaks with a double gaussian. The resulting
polarization for the 1074 keV gamma ray was 0.63 + 0.32 which is

consistent only with a 3/2 spin assignment for this level.

4.3.10 The 1812, 1990, and 1997 keV level. These three levels

were weakly populated in the present study, and all attempts to make

J7 assignments and extract mixing ratios proved futile. This is
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unfortunate because neither have spin assignments been made in any of
the previously referenced beta decay and charged particle reaction
studies.

Lifetimes measured for these levels in this work are given as
follows: 230 i lgg fs (E& f igg i

1997 keV) . The 1812 keV level was

1812 keV) , 500 s (E

X

1}

= 1990

keV) , and 48 + 10 fs (Ex
found to decay 100 percent to the first excited state, and the 1997
keV level decayed 100 percent to the ground state. Branches of

37 + 12 and 63 + 16 percent were determined for the decay of the

1990 keV 1level to the levels at 67 and 656 keV , respectively.

4.%.11 The 2020 keV level. The only information available for

this level prior to the beginning of the present work was an £ =3

assignment for the neutron transfer cbserved in the (d,t) work.

+ 50
- 33 °°

This level has since been found to have a lifetime of 155
with a 100 percent branch Lo the first excited state.

The results of the singles measurements for three possible spin
assignments are shown in Figure L,2%, As can be seen, the measured
polarization of - 0.65 + 0.27 is consistent with only a J7
assignment of 7/2_ . The corresponding mixing ratio from the

angular distribution measurements is § = 0.03 + 015 -

4.3.12 The 2123 and 2125 keV levels. As reported in the (d,p)

work of reference [167], the angular distribution for protons leading
to the population of levels near 2130 keV could be described by a
combination of DWBA fits, one characterized by 4 = 1 neutron

transfer and the other with ¢ = U4 transfer. This result was correctly



Figure 4.23 Results of the linear polarization and angular
distribution measurements made in singles for the
level at 2020 keV
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intervreted as signifying the existence of an unresolved doublet at
this cxcitation energy. The results of the present work confirm this
interpretation with the resolution of this doublet with members
separated by approximately two keV . With an excitation energy of
2125 keV , the upper member of the doublet has been observed in the
6+-decay of 6lCu and is therefore the level populated by the ¢ =1
neutron transfer. This level has been found to have a mean lifetime
of U6 & 8 fs with branches of greater than 95 percent and less than
five percent to the levels at zero and 1186 keV , respectively. The
five percent branch is a tentative assignment based on (d,p)
measurements made in this work (see Section 4.2). Finally, an
isotropic angular distribution was obtained for the gamma radiation
resulting from the ground state decay of this level. This result is
consistent with the 1/2 spin assignment made in the beta decay work.

There now remains the lower member of the doublet. The assertion
that this level is populated by £ = L4 neutron transfer is supported
by the observed, 100 percent decay of the level to the 7/2  state
at 1016 keV . The level has been found to have a mean lifetime of

585 f ligg fs , and its positive parity make it the lowest such level

found in lNi

The results of the singles, angular distribution measurements are
shown in Figure L.24 where, in accordance with the ¢ = 4 neutron
transfer only the spins, 7/2 and 9/2 . nave been considered. Both
these assignments result in EIM2 radiation since the emitting level
has positive parity. The smallest allowed mixing ratio for J = 7/2

is 6 s~ 0.4 (arctan § ~ 20°) . This vulue was used with the maximum



Figure 4,24 Results of the linear polarization and angular

distribution measurements made in singles for the
level at 2123 keV
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possible lifetime (1650 fs) to calculate a lower limit of 145 W.u.
for the M2 transition strength. Thils enhancement cortradicts the
discussion of reference [1] in which M2 strengths in the 1f 7/2
shell are reported to be generally retarded by a factor of 10 to
100 . On this basis then, the 7/2 assignment can be ruled out. This
same argument can also be used to eliminate the larger of the tSwo
allowed mixing ratios for the 9/2 assignment, thus leaving
§ = - 0.05 +0.28 .

The linear polarization of the 1107 keV gamma ray resulting
from this transition was not determined for the following reason. As
described in Section 4.2, the resolution of the polarimeter was reduced
from 2.4 keV (FWHM , 1.33 MeV) for the individual crystals to 3.5
keV for the summed energy signals. This degraded resolution pre-
vented the reliable separation of the gamma rays from the 1100 3 O ,

2123 + 1016 , and 1186 =+ 67 keV transitions.

4. L Summary

3

The results of the above discussions are summarized in Table 4.1
where, for a range of the mixing ratio including + oo, the corres-
ponding transition strengths have been calculated with & taken as
the finite limit of the range. YFor a finite range of & , the mixing
ratio was chosen as the midpoint of the range. The theoretical
transition strengths have been determined in the present work using
the lifetimes, branching ratios, and mixing ratios predicted by the
shell model calculations of Glaudemans et al. [26]. For the first

seven excited states, these values are shown in Figure 4.25 along with
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Figure 4.25

A comparison of experimental results and theoretical

predictions for the first seven excited states of
61N;. Shell model calculations have been performed by
Glaudemans et al, while Hoffmann-Pinther et al, used
the core-coupling model. With the exception of the
lifetimes for the first three excited states (see

reference [60]), all the experimental information is
from the present work.



158

<su Q1% 2l >
[SUBG]1 Sugg

<00l >
(00821 sd 22

<0029>
(009G ] sd ¢ >

<sdgp>
(00c2]10¢30b6

[02¢1sdQ) <

<0ce>
[(OOLIT 21v+ 219

(00§21 0G5 05
(S4)1

SNYN3ONVY 19 [ ]

c¢ g2
|
5 .Z,w
- <001> 00
[10°0+)
> (0011|000l
% <ool>| [P001290
[10°0-1
> [1>1] (001100}
A <z¢s]  <es| <g9s| [8001£82°0
[01'0+1| [Ob+l| [22°0-]
2, (21181 [1I|9 [281|92 <8O
(¢°1+] [120-1| 192+]
. [1>) [1>1]S  [8G1|02 [2¥1|S2 <2071
/e 10116060
[SO'0+) [2t°0+)
H.w\: (S rze) (£1|S9 (091cs
<) cgo>| <25 <ges| 801910}
00+ [O2I+1| (8904| I[SHO+1| [(8Y0) ‘
> [2) [1>3 (02715 [S1I(8 [¢9lib <¢OD
% (<1001 |
(L00-) (0] 8- (6204
[1>] (¢3 (1] (GGlles (21|19
m@ [(2t112e
X—.
4L YIHLNID - NNYW A JOH < > (ASN)H



160
the experimental results and the predictions of the core-coupling model
calculations of Hoffmann-Pinther et al. [29].

As described in Section 4.11, the shell model calculations of
Glaudemann's et al. were performed with the five neutrons outside the
1f 7/2 shell closure allowed to take on all possible configurations in
the 2p 3/2 , 1f 5/2 , and 2p 3/2 orbits. Lxplicit excitation of the
56Ni core was not considered. Calculations for electric, quadrupole
radiation were made with five reduced single-particle matrix elements
corresponding to the tramsitions p 3/2 4+ p 3/2 , £ 5/2 4 £ 5/2 ,

2 1/2 ap 1/2 , p3/2 - £5/2, and p 3/2 4 p 1/2 . These matrix
elements were determined from a least squares fit to 33 observea T2
transition strengths using an effective neutron charge of (1.70 + 0.08)e,

For the magnetic dipole transitions, the reduced single=-particle
matrix elements were obtained by a least squares fit to some 30 Ml
strengths observed in this mass region. An cffective value of + 0.58
was used in the calculations for the matrix element representing the
p 3/2 » £ 5/2 transition. ‘his transition is normalily considered to
be g-forbidden for M1 radiation.

Referring to Table 4.1 and Figure 4. 25, the agreement between
experiment and the shell model predictions does not appear to be pooc.
The most obvious disagreement concerns the spin assignment for the
level at 1016 keV. This discrepancy renders futile any further com-
parisons for the gamma decay of this level. Perhaps a larger com-
pilation of experimental information for this mass region would aid

in the least squares fitting procedure used with the shell model

calculations; however, as pointed out by Glaudemanns et al., better
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agreement will most likely be obtuinecd when core excitation can be
considered explicitly in the theoretical calculations,
The agreement with experimental observation does not appear Lo
be improved substantially by the results of the core-coupling model
calculations of Hoffmann-Pinther et al. As pointed out in Section

4,2, core excitation was considered by coupling the first 2+ state

in 6ONi to the single particle states 2p 3/2 , 1f 5/2 , and

2p 1/2 . Therefore, the calculations for the decay of the low-lying
excited states were performed using only pure Ml and E2 operators, the
resuirts being as shown in Figure 2,25, As with the shell nwodel
calculations, the most obvious discrepancy concerns the fifth excit=C
state, whose existence the core-coupling model fails to predict.
noffmann-Pintiier et al. have recently performed these same calculations
using effective M1 and EZ operators; however, the results of these

calculations are not available at this time.

The experimental Ml and E2 strengths determined in this work for

SN . . . . .
Ni agree very well with previous observations in this mass region

[1]. The one M2 strength determined for ihe decay of the level at
2123 keV (2.7 W.u.) appears to be enhanced by about 20, compared with
earlier tabulatious.

It is hoped that the results presented here will help Lo improve
the knowledge of the systematics for this mass region since only
information of this type can provide a foundation for a general study

of the medium mass nuclei,
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